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FOREWORD 

This report summarizes the work accomplished on NASA Contract NAS3-20405, 

"Environmental Effects on Defect Growth in Composite Materials." 

The program was sponsored by the National Aeronautics and Space Administration, 

Lewis Research Center, Cleveland, Ohio. Mr. G. T. Smith, NASA Lewis Research 

Center, was Project Manager. 

Performance of this contract was under the direction of the Advanced Airplane 

Branch of the Boeing Military Airplane Company. Dr. R. R. June, who heads 

Advanced Composites Development, was the program manager. Mr. T. R. Porter was 

the technical leader, Pete Smith coordinated specimen fabrication, J. R. Vosper 

provided testing support, and L. R. Hause was responsible for ultrasonic 

inspection support. 
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INTRODUCTION 

The objective of this program was to derive data for evaluating the effects of 

moisture and temperature on the integrity of fiber composite components. In 

particular, the static and cyclic performance of three composite laminates con- 

taining flaws was investigated at room temperature and 422K (300°F) in wet and 

dry conditions. This program extends the results developed under Contract NAS3- 

19709 reported in NASA CR-135403 (ref. 1). The test results evaluate the follow- 

ing for each environmental condition: 

a. Effect of defect type and size on static fracture 

b. Influence of compression loadings on fatigue 

c. Description of the effects of static and cyclic loadings on damage 

accumulation 

d. The effect of preloading on damage growth, static strength, and cyclic 

load behavior 

e. The comparison of wet and dry data at room and 422K (300°F) tempera- 

tures 

Static fracture data were obtained for three different composite systems that had 

been moisture soaked to near the maximum moisture-absorption potential. The 

fracture test data were obtained at room temperature and immediately after the 

application of an abrupt temperature transient that caused the specimen to attain 

422K (300°F). Three different 20-ply layups were tested. Laminate Ll represents 

general-purpose structure, laminate L2 is typical of polar and hoop wound pres- 

sure vessels, and laminate L3 is representative of turbine engine fan blades or 

tubular strut support structure. Half the test specimens were preloaded to 90^ 

of their ultimate static load prior to moisture conditioning. Intermittent 

nondestructive inspection, including visual and ultrasonic techniques, were used 

to detect defect growth. 



Cyclic test data were obtained on laminate LI specimens in wet and dry conditions 

at room temperature and at 422K (300°F). In these tests the specimens contained 

a central slit or hole. Both tension-tension (R = 0.05) and tension-compression 

(R = -1.0) loadings were used. The residual tensile strength was evaluated in 

test specimens that did not fail during cyclic loading. 



SPECIMEN DESIGN AND MANUFACTURE 

The test specimen materials, designs, and fabrication procedures were selected 

to permit the generation of data for evaluation of flawed structural components. 

The components considered were a general-purpose laminate structure, a polar and 

hoop wound pressure vessel, and a turbine engine fan blade. These materials and 

layups are the same as previously studied (Ref. 1). 

Materials 

The materials used for the program were Thornel T-300 graphite fiber, 901 S-glass 

fiber, and Fiberite 934 epoxy resin. Intermediate stiffness graphite/epoxy was 

selected as the basic material for the program because of its wide use, moderate 

cost, and established structural performance. The Thornel T-300 graphite fibers 

were selected because they can be supplied with a twist, making them suitable for 

general-purpose structure as well as filament winding pressure vessels. The 

Fiberite 934 resin system satisfied the requirements of a general-purpose epoxy 

and also has a wide range of applications in aerospace structures. In the 

turbine engine fan blade layup, 901 S-glass fiber plies were interspersed with 

the T-300 fiber plies to improve impact-damage resistance of the laminate. This 

S-glass and graphite hybrid was selected on the basis of prior work that demon- 

strated significantly improved impact-damage tolerance. 

Layups and Stacking Sequences 

Three different layups were used in the fabrication of test specimens. These 

layups are presented in table 1. The first layup (LI) was a 20-ply balanced 

layup representative of a practical aerospace application. This layup is moder- 

ately directional and would be used to support biaxial loads that approximate 

having about a 2:1 ratio. The second layup (L2) is representative of spacecraft 

pressure vessels fabricated using both polar and hoop wraps. The third layup 

(L3) is representative of turbine engine fan blades or, possibly, tubular support 

struts. The S-glass fiber was included as 0° plies. 



The stacking sequence selected for layup LI, based on symmetry and load transfer 

requirements, was ((0/+45/0/90)s)2- 

The stacking sequence for layup L2 is representative of pressure vessels. There 

are two basic approaches to polar and hoop wrapping of aerospace pressure ves- 

sels. If the vessel wall is thin, the polar wraps can be applied before the hoop 

wraps. However, when the vessel wall is thick, there is slippage of the hoop 

wraps at the end of the cylinder. This is prevented when the polar and hoop wraps 

are interspersed by applying one revolution (two plies) of polar wrap followed by 

three plies of hoop wrap. The resulting stacking sequence is (0/0/0/+80/-80). 

This stacking sequence for laminate L2 was modified slightly to produce a sym- 

metrical laminate for testing ((0/0/0/+80/-80)2)-. 

The stacking sequence for layup L3 is representative of those considered for use 

in composite turbine engine fan blades. Two possible layup approaches are the 

dispersed-ply approach and the core-shell approach. The dispersed-ply approach 

was used because such layups are less subject to delamination from foreign object 

impact. The representative stacking sequence then becomes ((0/+30/0*/-30/0)2)s« 

The asterisks indicate the plies that are replaced with S-glass to increase 

fracture toughness of the laminate. Replacement of the middle ply results in an 

even distribution of the hybridizing material throughout the panel thickness. 

Test Specimen Configuration 

The test specimen configuration is shown in figure 1. The 76-mrn (3.0-in) width 

used for the majority of the tests was chosen to provide specimens large enough 

to preclude significant interaction between the stress concentration and stress- 

free specimen boundaries. The specimen was designed so that the stress concen- 

tration factor for the largest defect would be within 5% of the corresponding 

stress concentration factor for a plate of infinite width. The potential effect 

of the free edge on the fracture behavior was investigated experimentally by 

static testing specimens of various widths that contained the largest defects. 

The 0° laminate direction corresponds to the axial direction of the specimen. 

Woven fiberglass grip tabs were secondarily bonded to the specimen using a 394K 

(250°F) cure adhesive. 



Test Specimen Fabrication and Processing 

Specimen layup and fabrication steps are illustrated in figures 2 and 3. Lami- 

nates were laid up and cured in 81-cm (32-in) wide panels having lengths up to 

293 cm (120 in). The panel sizes fabricated are given in table 2. After curing 

fiberglass end tabs were bonded to the basic laminates and then the panels were 

sawed into specimen blanks. The panel fabrication steps were as follows: 

a. Remove material from freezer and allow it to come to room temperature 

before unwrapping. 

b. Unwrap material and cut tape to length. Use a template to cut angle 

plies to size. 

c. Lay up plies. 

d. Debulk after 4th, 8th, 12th, 16th, and 20th ply by holding the laminate 

under vacuum for 15 to 20 min. 

e. Cover laminate with perforated FEP, one ply of 1581 fiberglass bleeder 

for each four plies of laminate, a layer of nonperforated FEP, a metal 

caul sheet, two layers of 1581 fiberglass breather, and a vacuum bag. 

f. Cure laminate in an autoclave using the following cure cycle: 

1. Apply vacuum. 

2. Increase autoclave temperature so that laminate temperature 

increases at a rate of 0.5° to 2.8°C (1° to 5°F) per min. 

3. Hold 60 min at 121°C +5.5°C (250°F +20°F). 

4. Apply 689 kPa (100 psi) pressure 15 min after the laminate reaches 

temperature. 



5. Increase laminate temperature to 177°C +5.5°C (350°F +10°F) at a 

rate of 0.5° to 2.8°C (1° to 5°F) per min. 

6. Hold at temperature for 120 min +5 min, then cool under pressure, 

g.  Cut laminate panels to length of test specimens. 

h.  Lay up fiberglass-epoxy grips on the panel edges. 

i.  Vacuum bag and cure in an autoclave at 121°C (250°F). 

j.  Remove panels from autoclave and cut specimens from the panels. 

Specimen Defect Geometry 

A number of defects can occur in composite laminates due to manufacturing, 

handling, or inservice damage. Defects that can be found in the basic laminates 

are— 

a. Excessive porosity or voids due to contamination of the prepreg mate- 

rials, geometrical restrictions that prevent the escape of volatiles 

during cure, or low curing pressure 

b. Wrinkled or nonaligned fibers due to improper layup, thickness 

changes, etc. 

c. Resin-rich and resin-starved areas 

d. Impact-damaged surface areas that result in delaminations or broken 

fibers 

e. Scratched or gouged surfaces caused by mishandling during manufacture 

or inservice use 



There are also a number of defects associated with the use of fasteners in 

composite structure. Some of these are— 

a. Delaminations near the exit side of drilled holes due to inadequate 

backing or excessive drill pressure 

b. Overly deep countersinks 

c. Local damage due to excessive fastener torque 

d. Resin-starved bearing surfaces that result from excessive drilling 

heat 

e. New holes located where mislocated holes have been filled 

The potential effects of several of these defects were assessed by testing 

laminates containing defects simulated by stress concentrations. These defect 

types can be categorized as: (1) sharp defects that break or cut filaments, (2) 

blunt defects that cut or break filaments, (3) delaminations, and (4) poor resin 

properties. The defects that include cut or broken filaments were simulated by 

holes and sharp slits. Both full-penetration (FP) and half-penetration (HP) 

holes and slits were tested (fig. 4). The delaminations were produced by subject- 

ing the specimens to impact damage. 

In addition to these stress concentrations, potential natural defects typical of 

the particular laminate application were also tested (fig. 5). 

For laminate LI, specimens were tested that had holes containing overly deep 

countersinks. Deep countersinks are often unavoidable due to the lack of thick- 

ness of laminate skins. This condition was simulated by countersinking holes so 

that the countersink extended through the laminate thickness and left a sharp 

edge at the exit side of the hole. 

For filament-wound pressure vessels, great care must be taken to provide the 

correct pressure during cure.  Hence, it is appropriate to investigate the 



effects of low pressure on the fracture and fatigue strength of laminate L2. 

Three variations of curing pressure were used: 345 kPa (50 psi), 172 kPa (25 

psi), and 86 kPa (12.5 psi). The normal curing pressure is 689 kPa (100 psi). 

For laminate L3, tests were conducted on a 20-ply layup that contained no 

S-glass. These tests were conducted to allow an evaluation of the effectiveness 

of the S-glass in increasing the fracture toughness of the laminates. 

The hole and slit sizes selected for test were 3.18 mm (0.125 in), 9.52 mm (0.375 

in), and 15.87 mm (0.625 in). These sizes, coded as 1/8, 3/8, and 5/8 respect- 

ively encompass most practical fastener diameters. They are also at the thres- 

hold of detectable damage sizes for many common inspection procedures. The same 

sizes were used for the surface length of the half-penetration defects, because 

when partial penetration damage exists in structure, the most obvious and des- 

criptive dimension is the length of the damage on the surface. 

The type and size codes used to identify each of the defects are given in 

table 3. 

All slits were perpendicular to the primary load carrying direction of each 

laminate. This means that they were perpendicular to the 0° fibers. The 0 

fibers correspond to the hoop direction of a cylindrical filament-wound pressure 

vessel for laminate L2. 

The slits were fabricated by ultrasonic machining. Ultrasonic machining is 

typically used to produce cuts of difficult configuration in nonconductive 

materials. Circular cutter tips were machined to a thickness of 1.52 (0.06 in) 

and a sharp radius. The ultrasonic vibrations of the cutter produce a laoDinq 

action in an abrasive slurry that carries away the excess material as the cutter 

penetrates the part. The slit radius in the composite laminate was typically ( 

about 0.127 mm (0.005 in) with a smooth surface. 

Figure 6 shows a typical partial penetration flaw that has been sectioned to 

illustrate the root geometry. 
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The full-penetration circular holes were drilled, and the half-penetration cir- 

cular holes were end-milled. 

The impact damage defect was produced by impacting the specimens with a 0.91 kg 

(2 lb) weight dropped from a height of 0.38m (15 in). Figure 7 is a photograph 

of the impact stand used. The test specimen was supported on a circular support 

containing a 15.9-mm (0.625-in) diameter hole. This support condition, together 

with the 15.9-mm (0.625-in) diameter hemispherical impactor, produced delamina- 

tion damage areas approximately 15.9 mm (0.625 in) in size. Examination of 

sectioned specimens damaged in this manner showed delamination damage throughout 

the laminate thickness. Ultrasonic C-Scan records of typical impact-damaged 

test specimens are shown in figure 8. 



WIDTH EFFECT TESTING 

As shown in table 4, the static strength of laminate LI and L3 specimens contain- 

ing 5/8 FP slits and impact damage was evaluated for three specimen widths. Both 

static-tension and static-compression tests were performed. All tests were 

conducted in a room temperature air environment. The tests show a slight effect 

of specimen width for test specimens less than 76 mm (3.0 in) wide. The impact- 

damaged test specimens and the specimens with slits displayed similar compres- 

sive strengths. However, under tension loads the specimens containing slits had 

a much lower strength. 

A 76-mm (3.0-inch) specimen width was selected as a baseline for the current 

testing and for previous tests (ref. 1) This selection was made from analytical 

studies. To confirm this selection, tests were performed on specimens containing 

the largest defects selected from specimens of approximately 50, 100, and 150 mm 

(2.0, 4.0, and 6.0 in) in width. Results of these tests, along with the 76-mm 

(3.0-in) specimen data was used to assess the width effect on the specimen 

strength and to check the validity of the specimen size selection. 

In order to gain additional information, this test series was expanded to include 

static-compression testing of the specimens with slits as well as tension and 

compression tests of the specimens containing delaminations. The specimen dela- 

minations were the result of a low-velocity impact. 

The results of the width effect testing are shown in figures 9 and 10 and 

presented in appendix B. These data are normalized to load-per-unit width to 

allow a direct comparison of the various panel widths. Previous test data are 

also included in the figures where applicable. The trends found are similar for 

both the LI and L3 laminates and similar conclusions are applicable to each. 
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At widths of 100 and 150 mm (4.0 and 6.0 in) there is no significant width effect 

shown by the data. At the 50-mm (2.0-in) width, there is a slight decrease in 

strength. The 76-mm (3.0 in) specimens are similar to the 100- and 150-mm (4.0- 
and 6.0-in) specimens. It is concluded that the selection of the 76-mm-wide test 

specimen size was sufficient for the largest defect size tested. 

The test results permit several additional conclusions. The tension test data 

showed a large difference between the impact-damaged and the slit specimens. The 

impact-damaged specimens had tensile strengths comparable to the undamaged spec- 

imens, while the slit specimens had less than 50% of the damaged specimen 

strength. 

The visible external damage was slight, with a 3.39J (30 in-lb) level of impact. 

A visual examination of the specimen after impact revealed only a slight front 

surface dent and no broken filaments. The dent depth was typically about 0.08 mm 

(0.003 in). Damage of this magnitude would probably be considered to be unde- 

tectable by visual inspection. It was concluded that impact damage that produces 

only delamination has little or no effect on the tensile strength for the layup 

patterns tested. 

The compression strength of the impact-damaged specimens was approximately the 

same as the compression strength of the specimens containing slits with lengths 

equal to the delamination diameter. The magnitude of the compression fracture 

strength was similar to the tension fracture strength of the slit specimens. 

This implies that notches are equally severe in compression and tension and 

delaminations of the type tested are as critical as a machined notch in compres- 

sion. 

Examination of the failed compression panel supports a notch-sensitive fracture 

failure mechanism. The failure initiated at the notch edge as a local 

compressive failure and produced local delamination, buckling and fiber breakage 

which lead to a local loss of load carrying ability. In a manner analogous to 

tension fracture, the now-larger damage size results in even higher local 

stresses and unstable fractures that propagate across the specimen width. 

12 



Photographs of failed specimens shown in figures 11 and 12 illustrate this 

failure mode. As shown in figure 11, the specimen failure emanated from the 

notch and run to the specimen edge. The path of this failure is normal to the 

panel loading. The close-up detail of the failure shows the local buckling-shear 

failure of the laminate. This failed region lost the ability to support com- 

pressive loading. 

The test specimens containing impact damage behaved similarly to the machined- 

defect specimens. The multilayer delamination supports a very small compressive 

load in the delaminated impact zone. In laminate LI materials, the machined slit 

and impact-delaminated zone were of similar size and had a similar effect on 

compression fracture strengths. In laminate L3, the size of the delaminated zone 

was not as wide (fig. 8) as the slit length, and the test specimens had a greater 

compressive fracture strength. The smaller delaminated zone width is attributed 

to the orthotropic ply orientation ((0/+30/0/-30/0)2)c for laminate L3. 

13 



MOISTURE CONDITIONING 

The specimens in this program were tested in two moisture conditions: dry and 

wet. The test conditions are given in tables 5 through 7. The dry condition 

resulted from normal storage in the laboratory from the time of cure until the 

test. The wet condition specimens were soaked in a water bath at 355K (180°F) 

for 8 weeks. These conditions represent the extremes of expected structural 

applications. 

The length of the laboratory storage condition was typically 90 days. The 

laboratory temperature was continuously maintained at approximately 20°C. The 

laboratory relative humidity, though not controlled, was generally in the range 

of 40% - 50%. 

The water-soak was selected to produce a condition near the maximum moisture- 

absorption level. The soak time and temperature were selected to minimize 

unrealistic effects from the conditioning treatment and to provide soak time 

within the scope of the program. Exposure temperatures for service conditions 

that can influence the rate of moisture absorption can range up to the maximum 

design requirements for the composite. However, it is not likely that water 

baths would exceed 100°C (212°F) for most composite applications and will likely 

be somewhat less. 

In order to assess these parameters and to determine the required exposure 

conditions, a Boeing finite-difference computer analysis for moisture absorption 

was conducted on the test specimen configuration. From this study it was shown 

that in order to precondition the test specimens to maximum moisture content in a 

time that met schedule requirements, the moisture conditioning had to be 

performed at temperatures of 355K (180°F). This permitted completion of moisture 

conditioning in 8 weeks. 

Weight Gain Data 

During the elevated-temperature soak, test specimens were taken from the water 

bath at weekly intervals, towel dried, and weighed to determine the amount of 

15 



moisture gain. Previous exposure testing of similar configuration specimens has 

shown, that the glass tabs absorb moisture at a higher rate than the 

graphite/epoxy, making the actual weight-gain values hard to interpret. To 

offset this problem, untabbed test laminate material from each of the laminate 

types was soaked and weighed along with the test samples. The weight of the 

untabbed laminate materials was used to monitor the conditioning treatment. 

To minimize variances due to conditioning procedures, the specimens were condi- 

tioned together in one tank. Program schedules required two separate batches; 

the first included the static test specimens (XX-2X-XX numbers), and the second 

included cyclic specimens (XX-3X-XX). These materials were purchased and pro- 

cessed at separate times under different tasks in the program thus preventing 

simultaneous conditioning. 

The weight-gain data found for the untabbed laminates conditioned with the static 

test specimens is shown in figure 13. As can be seen, the final moisture level is 

about 1.4% to 1.5% by weight in all laminates. Laminate L3, which contains four 

plies of glass fiber, has the greatest final moisture content. 

Test panels of laminate L2 were cured at lower than the standard 689 kPa (100 

psi) autoclave pressure. The effect of cure pressure on moisture absorption is 

shown in figure 14. The laminate cured at the lowest pressure experienced the 

greatest moisture absorption. This increase in moisture level can be attributed 

to a higher void content in the low pressure cure laminates. The higher void 

content in these laminates was confirmed by ultrasonic inspection of the speci- 

mens. 

Moisture conditioning of the cyclic test specimens was also monitored using 

untabbed laminate material. Figure 15 presents results of the weight gain for 

laminate LI and L3 untabbed samples. The data points are derived from these 

measurements. Lines, representing the results derived from the static test 

specimen samples, are shown for comparison. The results are similar. The 

greatest difference is in the terminal weight gain response for laminate LI. 
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The weight gain data in the test specimens having bonded glass grip tabs are 

compared with the untabbed coupon data in figures 16 and 17. As expected, there 

is a significant influence of the end tab on the weight gain data, making the 

weight gain measurements in the specimens greater than expected for only the 

graphite/epoxy. It was assumed, however, that these results can be used to 

compare the tabbed specimens with each other to show trends. 

Half the static test specimens were preloaded prior to moisture conditioning. 

These tests were used to assess the effect of potential proof testing on subse- 

quent moisture absorption and structural properties. The preload level selected 

was 90% of the estimated static fracture strength. Because a range of defect 

types and sizes, having various fracture strengths, was evaluated, a range of 

preload stress levels was applied to the test specimens. The percent weight gain 

specimens from each of the three laminates as a function of the preload level is 

shown in figures 18 through 20. The three figures are for 1-, 4- and 8-week 

conditioning periods. 

The static test specimens were evaluated in groups of four, a PL and NPL specimen 

for both room temperature and 422K (300°F) tests. This gave two nonpreloaded and 

two preloaded test specimens for each laminate and defect geometry. For this 

reason the same number of nonpreloaded specimens were used to evaluate the 

average, maximum, and minimum lines in figures 18 through 20, as data points 

shown for the preloaded specimens. Also the preloaded test specimens are in 

pairs, one identified for subsequent room temperature testing, and one for 422K 

(300°F) testing. 

As can be seen from the one week soak data in figure 18, the initial weight gain 

in these specimens is accelerated by the preload. However, after moisture condi- 

tioning for 4 and 8 weeks, the data for laminates LI and L2 indicate there may be 

a decrease in moisture absorption with preload. The data also indicate there is 

a greater scatter in moisture absorption of the preloaded test specimens. 
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A review of the data from laminate L3 indicates that one specimen from each pair 

of nominally identical tests absorbed moisture at a higher rate. Because these 

specimens were cut from adjacent sections of the same panel, were preloaded at 

the same time to nominally the same load, and were placed together in the water 

tank, this difference is as yet unexplained. A review of the crack opening 

displacement (COD) records for these test specimens indicates there is a trend 

for the specimen experiencing the greatest weight gain to show a greater damage 

during loading. 

Interlaminar Shear Data 

As a method of monitoring the effect of moisture levels on matrix properties, 

interlaminar shear test specimens were cut from moisture conditioned samples 

after 1, 2, 4 and 8 weeks of exposure. The results of these tests at room and 

422K (300°F) are shown in figures 21 through 25. The test specimen was 6.3 mm 

(0.25 in) wide and had a 4:1 span-to-thickness ratio. Five replicates were run 

for each test condition, with the average values and the range shown in the 

figures. 

A trend for decreasing inter laminar shear strength with soak time was observed 

for all laminates. The graphite/glass L3 laminate showed the greatest effect of 

soak time. All laminates had a significant reduction in interlaminar shear 

strength at 422K (300°F). 

The inter laminar shear strength for the laminates cured with low autoclave pres- 

sures are compared in figure 25. The results shown are for specimens that have 

been conditioned for the full 8 weeks. Only the laminate materials cured at the 

lowest pressure of 86 kPa (12.5 psi) had reduced properties. 
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STATIC TESTING 

Static tensile fracture strength was evaluated for the three laminates at room 
temperature and 422K (300°F). All testing was conducted with moisture-condi- 

tioned test specimens. Tables 5 and 6 describe conditions for each test. The 

four load sequences used are presented in figure 26. The first sequence (a) 

shows the room temperature nonpreloaded static test performed after moisture 

conditioning. Tests without preloading are designated NPL. The second sequence 

(b) shows the room temperature preload-static test sequence. Preloaded speci- 

mens are designated PL. As shown, the preloading was performed prior to moisture 

conditioning. The corresponding 422K (300°F) test sequences are shown in figure 

26 by (c) and (d). 

Test Procedures 

All static tests were performed in a load controlled test machine using hydraulic 

specimen grips. The specimens were loaded at a rate of 1100 N/s (250 lb/s) for 

both preloading and fracture testing. This rate resulted in failure in about 1 

min after the onset of loading. Unloading after preloading was rapid, with no 

hold time at the maximum load level. 

The flawed test specimens were instrumented using a crack opening displacement 

(COD) gage across the defect. The COD gage was placed across the defect against 

bonded knife-edge supports; for specimens with larger holes, knife-edge supports 

were inserted in the hole. COD versus load was recorded for each test. These 

curves are included in appendix C. 

Temperature Control 

The 422K (300°F) elevated temperature tests were static tested after the appli- 

cation of an abrupt temperature transient. The test specimen was heated by a 

radiant heater placed near one face of the test specimen. This heating procedure 

produced a temperature gradient during heatup. The temperature was allowed to 

stabilize during static testing. This type of heating was considered to be 

representative of many structural applications. 
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The specimen heating procedures were developed using temperature survey speci- 

mens. Temperature gradients were developed across the width and along the length 

using front-surface, back-surface, and embedded thermocouples. Also the tests 

evaluated the through-the-thickness temperature gradient variation with changes 

in the heatup rate. The measured front- and back-surface temperatures for a 60- 

sec heatup rate are shown in figure 27. The temperature difference between the 

front and back surface was about 17K (30°F). From these tests the through-the- 

thickness temperature difference during heating for a range of heatup times was 

determined as shown in figure 28. A heating time of 60 sec was selected for the 

static testing, resulting in a 17K (30°F) temperature difference through the 

specimen thickness. 

Test specimen loading began 180 sec after the start of heatup, allowing tempera- 

ture stabilization at the time of static test. Temperature survey results 

indicated the through-the-thickness temperature difference was less than 3K 

(5°F) at that time. 

Static Test Data 

The static test data are presented in tabular form in appendix A. 

Static test results are shown in figures 29 through 41. The circular symbols are 

for the room temperature tests, and the triangular symbols are for the elevated 

temperature tests. Lines are shown connecting the nonpreloaded test data at room 

and elevated test temperatures. 

Unnotched specimens showed a significant reduction in strength due to the ele- 

vated temperature for all the laminates. However, the notched strengths for 

laminate LI and L3 specimens did not show this trend. The fracture strengths of 

notched, hot, wet laminates were greater in some cases than the room temperature 

values. 

The elevated temperature primarily affects the matrix properties, and not the 

fiber strengths. Interlaminar shear strength data show this large decrease in 
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matrix shear strength at the elevated temperature. A reduction in matrix proper- 

ties would be expected to cause a significant reduction in shear transfer around 

the defects at 422K (300°F). Such an effect can relieve the notch stress 

concentration and reduce the loss of basic laminate strength. 

The influence of preloading on the fracture strength after moisture conditioning 

is a concern when considering proof-loading techniques for composite structure. 

A goal of this study was to determine if the fracture strength of moisture- 

conditioned samples was degraded by the prior preload. The preload was applied 

at room temperature and prior to moisture exposure. This would be typical of a 

before-service proof test. The data shown in figures 29 through 41 were used to 

compute the ratios of the preloaded (PL) specimen to nonpreloaded (NPL) specimen 

fracture strengths. A similar computation was made for the dry room temperature 

static data from reference 1. These ratios are shown in table 8. 

An examination of the static fracture data indicates that preloading does not 

exert a large influence on strength; most of the PL specimen data were within +10 

% of the NPL test data. Part of the observed variations probably were due to 

scatter. However, there is some indication of a trend. This is shown in figure 

42, where the average PL/NPL specimen strength ratio for each laminate and test 

condition is compared. Laminate LI shows a 5% average increase in room tempera- 

ture, dry fracture strength and a 7% average decrease in the hot, wet fracture 

strength, for a 12% change. The other laminates show average residual strengths 

that are within 4% of the initial fracture strengths for all environments. 

The fact that, the PL/NPL ratio was greater than 1.0 for laminate L2 and less 

than 1.0 for laminate L3 may be significant^ but the magnitude of the change in 

strength is very  small and probably not critical to proof-loading applications. 

The autoclave pressure during cure had only a small effect on the fracture 

strength of laminate L2, as shown in figure 37. This is in contrast to the 

interlaminar shear strength reduction presented in figure 25. This is consistent 

with the fracture strength primary controlled by fiber properties and the inter- 

laminar strength primary controlled by matrix properties. 
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Figures 43 through 52 compare wet and dry test data. The wet room temperature 
tests typically exceed the dry room temperature strengths by 10% in the all- 
graphite LI and L2 laminates. The graphite-glass L3 hybrid laminate displayed 
the reverse trend, with the dry laminate having the greater strength. 

The influence of moisture conditioning on fracture strength was determined by 
comparing the dry room temperature tests reported in a previous program (ref. 1) 
with present data. These tests had identical layups, materials, and specimen 
configurations but a different material order. A comparison of these materials 
showed a 67% difference in fiber volumes for the present tests and 62% for the 
previous tests. This difference is also reflected by material thickness. 

Because the quantity of graphite fiber is controlled by Boeing specification and 

remains constant, the data were compared on a basis of total load rather than 
stress. 

Static Fracture Analysis 

There have been a number of techniques proposed for the analysis of composite 
fracture. In these linear stress analysis methods the defect size is shown to 
control laminate strength. The current test data is analyzed using the inherent 
flaw analysis (ref. 2). In this analysis the typical fracture relations for 

slits and holes are modified by adding an inherent dimension a • that is, 

Kc =crc (TT (a + a0))^     for slits 

Kc =ac {TTao) H FH^ for holes 

K = ac (ua ) 2 for unnotched strength 

where F() is the standard Bowie function for cracks from a hole, and K cr , a, 
and R are fracture toughness, fracture stress, half slit length, and hole radius, 
respectively. 

I 
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Figures 53 through 55 compare the static test data for the FP slit specimens and 

the least square fit fracture lines. The figures also include the values of the 

fracture toughness and inherent flaw size that were computed. 

Damage Growth 

The damage growth was monitored by the crack opening displacement instrumenta- 

tion, periodic C-scan, and visual observation. These results for all the static 

testing are presented in appendix C. 

Figure 56 shows typical C-scan damage experienced by the three laminate materials 

during static loading. As shown, there is a difference in the size of delami- 

nation damage experienced by the three laminates. Laminate Ll shows the lowest 

tendency to delaminate at the notch, while L2 shows extensive damage growth. 

This damage growth difference results from clustering of the plies and the low 

inplane shear strength in laminate L2 (O3+8O). Laminates Ll (0/+45/0/90) and L3 

(0/+30/0/-30/0) have dispersed ply orientations and higher inplane shear because 

of the fiber orientation. 

The half-penetration defect test specimens show a damage indication above and 

below the notch after load. This damage indication is produced by a delamination 

at the specimen midplane due to the interlaminar shear. The through-penetration 

slit specimens show damage growth at the notch tips. This growth is again due to 

the shear stresses, but in this case it is inplane shear. Visual examination 

reveals splits near the notch tips for both defect types. 

The crack opening displacement records for the three laminates and two defects 

types are compared in figure 57. These two types of damage growth behavior were 

typical of all machined defects tested. 

Ultrasonic examinations of the preloaded unflawed test samples are shown in 

Figure 58. The scans for laminates Ll and L3 before and after preload did not 

show any change. The laminate L2 scan showed extensive internal damage. Careful 

examination of the scan indicates that the damage is in the (+80) plies.  An 
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examination of polished edges on these specimens indicates there is microcrack- 

ing in the (+80) plies at the applied strain levels for this specimen configura- 

tion. C-scan records after moisture conditioning (fig. 59) indicates some fill- 
in of this damage by moisture. This then can be used to explain the accelerated 

moisture absorption shown in figure 18 for this specimen. 

The C-scart records for specimens with cure cycles having low autoclave pressure 

are shown in figures 60 through 62. These records show a significant reduction 

in laminate quality at the. lowest pressure and some reduction at the next to 

lowest. This indication of poor quality is probably due to voids or poor 

interlaminar bonding. It is interesting to note that moisture conditioning 

reduces the attenuation shown in the low-pressure cure laminates, indicating a 

fill-in of the poor interlaminar bond or voids. 
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CYCLIC TESTING 

The test matrix for the environmental cyclic tests is shown in table 7. The 

approach used is a parametric variation of environmental and testing parameters 

to evaluate their effect.  The cyclic testing was limited to one laminate 

((0/+45/0/90)s)2 
and tw0 defects (5/8 FP nole and 5/8 FP slit). The target life 

(cycles) defines the maximum applied number of load cycles before the cyclic 

loading was stopped and the specimen tested for residual strength. 

Test Procedures 

All cyclic and static loading was conducted in a laboratory air environment. The 

wet tests were room air cyclic tests of specimens that had been moisture Dre- 

conditioned in a water bath for 8 weeks. This was the same preconditioning used 

for the static wet specimens. The moisture content in the graphite/epoxy lami- 

nate after this exposure was approximately 1.5%. The preconditioned specimens 

were stored between tests in a wet environment at room temperature to maintain 

their moisture level. 

Both tension-tension (R = 0.05) and tension-compression (R = -1) cyclic loadinq 

patterns were applied as shown in Figure 63. In the event that the target cyclic 

life was reached without a fatigue failure, the specimen was given an ultrasonic 

inspection and then static loaded to failure to establish residual strength. The 

effect of a preload cycle was determined from the preload tests. 

Test loads were selected by evaluating previous results (ref. 1) for dry room 

temperature conditions. The number of load levels was minimized to allow a 

direct comparison of the life results from various test conditions. All tension- 

tension tests (R = 0.05) were at 46.7 KN (10.5 kip). This load was the upper 

bound used for cyclic testing in order to prevent single cycle failures and is 

about 85% of the average dry room temperature static strength. Because of the 

similar response of the 5/8 FP hole and slit, the same loads were used for both 

defect types. 
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As noted, selected specimens were preloaded. As in the static tests, the preload 

was applied to the test specimens prior to moisture conditioning. This preload 

is a one-time load application with no hold time at maximum load. The level was 
48.9 KN (11.0 kip) for both defect types, which was approximately 90% of the 

anticipated room temperature dry fracture strength. 

Cyclic testing was performed in servohydraulic test machines at a maximum fre- 

quency of 5 Hz. Figure 64 is a photograph of the test setup. The cyclic 

frequency was reduced for the first few cycles and while reading the instrumenta- 

tion. 

Load was transmitted to the specimen through bolted friction grips. The compres- 

sive-loaded specimens were restrained from buckling through the use of two face- 

plates, one against each specimen surface. The faceplates had a 50.8 mm (2 in^ 

diameter hole centered over the defect to allow local out-of-plane deformation 

and to allow inspection of the specimen damage. The inspection hole diameter was 

smaller than specimen width, allowing full length support at the specimen edqe. 

All the test specimens had crack opening displacement (COD) instrumentation to 

monitor changes during cyclic load. The COD gage output was recorded periodi- 

cally during the cyclic test life. This information was used to monitor damage 

growth in the test specimens due to loading and environmental conditions. 

Inspection Procedures 

Ultrasonic inspection of the test specimens was conducted before the specimens 

were installed in the test machine. The preloaded specimens were reinspected 

following the preload cycle. In addition to these pretest inspections, fatigue 

specimens were reinspected during the cyclic life of the specimen. For specimens 

that reached the targeted cyclic life without failure, an inspection was per- 

formed before the residual strength measurements were conducted. These ultra- 

sonic scan records are included in appendix D. 
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To identify potential damage from the unloading portion of the preload cycle, 

pulse-echo ultrasonic inspection was conducted before preload, while at load, 

and after unloading. This was performed in the test machine using a hand-held 

transducer. It was found from these studies that there was only limited damage 

growth during preloading. This is consistent with the ultrasonic scan results 

and for results for 5/8 slits and holes in laminate LI. A comparison of the pulse 

echo inspection data taken during maximum load and after unloading indicated that 

this damage occurred on loading, with no detectable damage resulting from 

unloading. 

The ultrasonic inspection during the cyclic test life was made by removing the 

specimen from test. The specimen removal procedure was adapted to allow better 

techniques to be used during inspection. The inspection times selected were 

after 10 cycles for the 10 cyclic life specimens and after 100 cycles for the 

10 and 10 cyclic life specimens. These lives were selected to supplement the 

available data at 1, 103, 105, and 106 cycles. 

Temperature Control 

The tension-tension test specimens, were heated with a radiant heater on one 

face. This procedure is similar to that previously used for static testing. The 

temperature gradient through the thickness was found to be less than five 3 K 

(5°F) after about 2 min. at temperature. Heating from one side allowed easy 

specimen inspection and access for the COD gage. 

The tension-compression testing required specimen stabilization plates that 

interfered with temperature control and heating. This problem was overcome by 

placing resistance heaters on the stabilizing plates in addition to the radiant 

heater. In this manner the specimen temperature is controlled to within five 3 K 

(5°F) of 422K (300°F). These procedures allowed access to the specimen for 

inspection and COD instrumentation. Access to the specimen face was through the 

50.8 mm (2 in) diameter central holes in the stabilization plates. 
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Test Results 

Dry room temperature test results are presented in figures 65 through 68. The 

results are shown as maximum cyclic load versus applied load cycles. Specimens 

that did not fail during the cyclic test (circles with arrows) were residual 

static tested to failure. The residual static test results are shown as tri- 

angular points in the figures. Results from similar tests (ref. 1) are also 

included in the figures and identified with the number (1). The test data 

support the combinations of the results from these programs. 

The results for the slits and the holes were similar for both the tension-tension 

and the tension-compression tests. Under tension-tension loading there was a 

high endurance limit, and the residual static strength increased with the appli- 

cation of cyclic loads. Under tension-compression loading the endurance load was 

about 60% of the static tension load for the long cyclic lives. The residual 

static tension strength data indicates an increase as found for tension-tension 

loading, although the limited data prevents firm conclusions. 

Cyclic test results for room temperature wet tests are presented in figures 69 

through 72. These data show a trend similar to the dry testing. 

In both of these sets of data there does not seem to be an effect from the 

preloading on the cyclic lives. 

The wet room temperature results are compared with the dry room temperature test 

data in figures 73 through 76. Figures 73 and 74 compare the residual strength 

data from the tension-tension tests, and figures 75 and 76 compare the cyclic 

life data from the tension-compression tests. The open symbols are for the dry 

tests, and the closed symbols are for the preconditioned (wet) specimens. The 

preloaded and nonpreloaded specimens are not differentiated in this presenta- 

tion. 

For both the hole and slit defects the residual strength of the wet test speci- 

mens generally exceeds the identical dry test specimens. There is an indication 

that the residual strength of the wet and dry specimens are the same after 10 

million cycles. 

28 



The comparison of the cyclic test data for the tension-compression testing indi- 

cated a significant reduction (greater than an order of magnitude in life) for 

the wet specimen test data. This reduction is probably the result of reduced 

compressive properties and increased delamination in the wet specimens due to the 

reduced matrix strength. 

Figures 77 through 80 present the dry 422K (300°F) test results. The presenta- 

tion format is the same as for the other test conditions. The test loadings were 

maintained at the same levels as used for the previous series. As shown, the 

tension-tension tests again generally survived to the planned life, whereas the 

tension-compression specimens experienced fatigue failure. 

These data are compared to the room temperature tests in figures 81 through 84. 

The elevated temperature tests are similar to the room temperature wet tests; 

i.e., higher residual strength and significantly shorter fatigue lives. How- 

ever, it should be noted that residual strength tests were conducted at room 

temperature for both the room and 422K (300°F) cyclic tests. The difference in 

residual strength is due to the prior effect of temperature on damage growth 

during load cycling, while the early fatigue failures at 422K (300°F) for the 

tension-compression tests are due to the temperature effects on both strength and 

damage growth. 

Figures 85 through 88 present the wet 422K (300°F) test results. The tension- 

tension test loadings were maintained the same as for the previous testing. 

However, for the tension-compresson testing the cyclic load had to be reduced to 

prevent static compressive load failures. 

These data are compared to the 422K (300°F) wet specimens in figures 89 through 

92. It is interesting to note that the curve for the residual strength of the wet 

test specimens intersects the curve for the dry specimen residual strength at the 

long lives. One explanation could be drying of the test samples during cycling 

loading. This would be reasonable because of the potential acceleration in the 

diffusion rates from the cyclic loading. Also this would be expected in the 422K 

(300°F) tests where the diffusion rates would be high due to the temperature. 
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CONCLUSIONS 

Three composite 20-ply laminates representative of general structure, pressure 
vessels, and turbine engine fan blades were studied to develop data on the 

moisture and temperature effects on defect tolerance. The test results presented 

apply to the specific laminates and test conditions evaluated. However, the 

trends define general behavior for a wide range of composite materials and help 

to define expected structural behavior. Some of the conclusions that were made 

from the test data, and which are discussed in more detail in the report, are as 

follows: 

a. Defects in the composite laminates that cut filaments significantly 

reduced the strength. 

b. The failure in the test specimens with cut filaments initiated at the 

stress concentration and propagated across the specimen width. The 

failure mode and failure stress were similar for both tension and 

compression loading. 

c. The fracture strength was a direct function of defect size. Only when 

specimen width was less than about four times the defect size were the 

edge effects significant. 

d. When specimens had impact damage delaminations with no broken fila- 

ments there was no reduction in tension strength but there was a reduc- 

tion in compression strength. The compression strength was reduced to 

the same value as for a machined defect of the same size as the 

de lamination size. 

e. There was little difference between the performance of laminates with 

circular holes or sharp slits in the sizes tested. 

f. Half-penetration defects were less severe than full-penetration 

defects of the same surface length. 
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g.  Absorbed moisture had a small effect on the static fracture strength at 

room temperature.  In graphite laminates the wet specimens had a 

greater strength, whereas the hybrid laminates had a reduced strength 
when wet. 

h. Preloading had a small effect on moisture absorption and residual 

static strength. The preload accelerated initial moisture gain but 

not the end result. In laminate LI the preloading increased the dry 

room temperature residual strength and reduced the elevated temper- 

ature wet value. The other conditions and laminates showed little 

change. 

i. Graphite fiber composite materials were relatively insensitive to ten- 

sion-tension fatigue, even when at 422K (300°F) and wet. However, the 

application of compression loadings (R = -1.0) yielded fatigue fail- 

ures at significantly lower loads than in tension. 

j. Moisture and temperature, independently and in combination, had a sig- 

nificant effect on tension-compression fatigue behavior. 
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Table 1. Structural Laminates Evaluated 

Designation Material Layup Application 

L1 

L2 

L3 

Thornel 300/fiberite 
934 (T300/934) 

T300/934 

T300/934 with 901-S 

[(0/±45/0/90)] 2 

[(03/±80)2] s 

[(0/+30/0*/-30/0)2] s 

General structure 

Pressure vessels 

Turbine engine fan 
blades or support 
struts 

*Plies that are replaced with S-glass 

Table 2. Summary of Test Laminate Construction 

Specimen 
number 

Test type Laminate 
number 

Stacking sequence Panel size 
m (inXin) 

L1-21-XX 

L2-2X-XX 

L3-21-XX 

L3-22-XX 

L1-31-XX 

Static 

Static 

Static 

Static 

Cyclic 

L1 

L2 

L3 

L3 all 
graphite 

L1 

[(0/±45/0/90)s] 2 

[<03/±80)2]s 

r       B>     i [(0/+30/0*/-30/0)2J s 

[(0/+30/0)-30/0)2] s 

[(0/±45/0/90)s] 2 

0.81 X 3.05 
(32X120) 

0.81 X2.92nt 
(32X115)     ur 

0.81 X 1.90 
(32X75) 

0.81 X .76 
(32X30) 

0.81 X 1.52 nk 

(32X60)       Hr 

Q^ Test panel was cut after layup into one 0.81 X 1.96 (32X77) 
panel and three smaller panels prior to cure for the low 
pressure cure cycles 

Q ► * denotes S-glass ply 

0 Y Two panels were required 
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Table 3.     Defect Type and Size Code 

^^-^.^    Approximate diameter 
~~-^^^  or surface length 

_. ,   „          ^~~-^^        mm (in) 
Defect                     \^^ 
type                            ^\^^ 

3.18 
(0.125) 

9.52 
(0.375) 

15.9 
(0.625) 

Full-penetration hole 1/8 FP HOLE 3/8 FP HOLE 5/8 FP HOLE 

Half-penetration hole Q^ 1/8 HP HOLE 3/8 HP HOLE 5/8 HP HOLE 

Full-penetration slit 1/8 FP SLIT 3/8 FP SLIT 5/8 FP SLIT 

Half-penetration slit   Q^ 1/8 HP SLIT 3/8 HP SLIT 5/8 HP SLIT 

100-degree full-depth 
countersink hole 

1/8 CSK HOLE 3/8 CSK HOLE 5/8 CSK HOLE 

Circular disbond defect 
between 15th and 16th plies 

- - 5/8 DISBOND 

Low velocity impact 
damage 3.38 N-m (30 in-lb') 

- - IMPACT 

Q^  HP defects are 1.5 mm (0.060 in) deep 

Table 4. Width Effect Test Matrix 

Specimen 
configuration 

Laminate L1 L3 

Defect 
code 

5/8 FP SLIT IMPACT 5/8 FP SLIT IMPACT 

Specimen mm 
width         (in) 

50 
(2) 

100 
(4) 

150 
(6) 

50 
(2) 

100 
(4) 

150 
(6) 

50 
(2) 

100 
(4) 

150 
(6) 

(50 
(2) 

100 
(4) 

150 
(6) 

c 
o> O 
c -^ 
fO   c 

—I u 

Static 
tension 

1 1 1 1 1 1 1 1 1 1 1 1 

static 
compression 1 1 1 1 1 1 1 1 1 1 1 1 
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Table 5. Static Fracture Test Matrix of Wet Room Temperature Specimens 

Defect type and degree of penetration 
Layup pattern 
and loading 
condition 

i>o 
Circular holes Sharp slits Natural 

1/8 3/8 5/8 1/8 3/8 5/8 S1 S2 S3 

— FP HP FP HP FP HP FP HP FP HP FP HP — - - 

h 
NPL 1 1 1 1 1 1 1 
PL 1 1 1 1 1 1 1 

L2 
NPL 1 1 - 1 - - 1 

PL 1 1 - 1 - - 1 

L3 
NPL 1 1 - 1 - - 1 

PL 1 1 - 1 - - 1 

Static tests at room temperature after moisture 

L2     - 

NPL 

PL 

Laminate L^ ((0/±45/0/90)s)2 

Laminate L2 ((03/±80)2)s 

Laminate L3 ((0/+30/0*/-30/0)2)s 

No preload 

Preload to 90 percent estimated strength 
prior to moisture conditioning 

conditioning 

FP     - Full penetration 

HP     - Half penetration 

S0      " Unflawed test specimen 

S1 - S2- s3   - Natural defects (see Figure 5) 

Table 6. Static Fracture Test Matrix of Wet Thermal Spike Specimens 

Defect type and degree of penetration 
Layup pattern 
and loading 
condition 

So 
Circular holes Sharp slits Natural 

1/8 3/8 5/8 1/8 3/8 5/8 S1 s2 S3 

— FP HP FP HP FP HP FP HP FP HP FP HP - — — 

L1 
NPL 1 1 1 1 1 1 

PL 1 1 1 1 1 1 

L2 
NPL 1 1 - - - 1 

PL 1 1 - - - 1 

L3 
NPL 1 1 - - - 1 

PL 1 1 - - - 1 

Static tests at 422K (300°F) after abrupt heating from room temperature 
all specimens moisture conditioned 

L1     - 

L3 - 
NPL - 

PL     - 

Laminate L^ ((0/±45/0/90)s)2 

Laminate L2 ({03/±80)2)s 

Laminate L3 ((0/+30/0*/-30/0)2)s 

No preload 

Preload to 90 percent estimated strength 
prior to moisture conditioning 

FP 

HP 

s0 

S1-S2, S3 

— Full penetration 

— Half penetration 

— Unflawed test specimen 

— Natural defects (see Figure 5) 
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Table 7.  Environmental Cyclic Test Matrix 

c 
E 

0) 

"8 o 
n 
V 
Q 

3 
b 

a? 
■o 
(0 o 
i- a. 

Number of tests at designated test condition 

Test conditions 

Room 
temperature 
-dry 

Room temperature 

wet 

422K (300°F) 
dry 

422 K (300° F) 
wet 

Target life 
(cycles) 

Target life (cycles) Target life (cycles) Target life (cycles) 

106 107 103 106 107 103 106 107 103 106 107 

L1 

5/
8 

FP
 H

O
L

E
 

0.05 
0 

90 

1 1 1 

1 

1 1 

1 

1 

-1.0 
0 

90 

1 1 1 

1 

1 1 

1 

1 

5/
8 

F
P

S
L

IT
 

0.05 
0 

90 
1 1 1 

1 

1 1 

1 

1 

-1.0 
0 

90 

1 1 1 

1 

1 1 

1 

1 
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Figure 1.   Test Specimen Configuration 
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Figure 11. Photograph of Compression Fracture Specimen 

Figure 12.  Edge Detail of Compression Fracture 
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ALL SPECIMENS HAVE 5/8 INCH FULL PENETRATION HOLE 
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Figure 64.  Environmental Cyclic Test Setup 
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Figure 67.  Room Temperature Dry Tension/Compression Tests (5/8 FP Slit) 
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Figure 68.  Room Temperature Dry Tension/Compression Tests (5/8 FP Hole) 
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Figure 70.  Room Temperature Wet Tension/Tension Tests (5/8 FP Hole) 
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Figure 72.  Room Temperature Wet Tension/Compression Tests (5/8 FP Hole) 
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Figure 78.  Elevated Temperature Dry Tension/Tension Tests (5/8 FP Hole) 
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APPENDIX A 

STATIC AND CYCLIC TEST DATA 

This appendix contains the static and cyclic test data for all specimens. The 

reported data includes specimen geometry, loads, and test parameters. The gross 

section stresses have been reported for all the critical test conditions. 
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APPENDIX B 

WIDTH EFFECT TEST SPECIMEN GROWTH DATA 

This appendix contains the ultrasonic scan and crack opening displacement COD 

data for the width effect tests. Since some of these tests were compression 

loaded, the COD record indicates closing displacement. 
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APPENDIX C 

STATIC TEST DAMAGE GROWTH DATA 

This appendix contains the crack opening displacement test machine records, the 

ultrasonic C-scan and the visual notes indicating the damage growth in the static 

test specimens. The results are grouped according to laminate type and defect. 

Each record is identified by specimen number and defect code. 

All static test specimens were examined using these techniques at each stage in 

the testing process. 
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LAMINATE JJ_ 
NO DEFECT TEST SPECIMENS 

INITIAL 

ROOM TEMPERATURE 

L1-21-1 L1-21-2 

422° K (300° F) 

L1-21-3 L1-21-4 

AFTER 
PRELOAD m 

21.5 k-IP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 

161 



162 



LAMINATE JJ. 

1/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-5 L1-21-6 L1-21-7 L1-21-8 

AFTER 
PRELOAD 

15.3 KlP 

VISUAL DAMAGE 

FINE CRAZE FROM HOLE 
0.1 inch IN LENGTH 

AFTER 
MOISTURE 
CONDITIONING   ||gjp 

m 

■ ff    ""I' ~ Mi« 11 
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LAMINATE _LL 

3/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-9 L1-21-10 L1-21-11 L1-21-12 

§110 

ipmi 

AFTER 
PRELOAD 

_LLZ_KIP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING   B 

pcjasa*1:-?*^!??^^^5-^ * :^-^^:^V*:*H*"^*iH 

^WSSFVsKPeW*^?«^«^ ! ^*f^™^^Vfl*^ 
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l£Efc 

±5E 

is"   "V C.».~- .33/.SN3LL 

167 



168 ■il 0:C3 



LAMINATE _L1_ 

5/8 FP HOLE TEST SPECIMENS 

INITIAL 

ROOM TEMPERATURE 

L1-21-13 L1-21-14 

422° K (300° F) 

L1-21-15 L1-21-16 

VISUAL DAMAGE 

AFTER 
PRELOAD 

J04_KIP 

NONE 

m^f^ 

AFTER fgji 
MOISTURE s^ 
CONDITIONING   gS sas* 
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LAMINATE _kl 

1/8 FP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-21 L1-21-22 L1-21-24 

VISUAL DAMAGE 

AFTER 
PRELOAD 

15.9   KIP 

NONE 

0.1 inch FINE CRACK 

AFTER 
MOISTURE 
CONDITIONING *££«ft 

illsllP»IPII^&pz&^%£^£^jä% ^&!0zß&$?M&&!&g^ p^ 
^HK^iifiiK^^t W^^^^0^^^^ ^Ä^Sil?§!ii^lilP fift.'V iiigl&l@i^lils£i ilPsfl811l?*äS^i^^ i^ili^^8g;spwfs s-fm OBKgBffigl^aB5&Sg&a Sm^SJuSS^O^lSiSEiPiTLi »SwJ*«eBasS^Si®»fi^^ Ü|W*K 

«W3 

B§§ HI §8        111111131 
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LAMINATE    LI 
3/8 FP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

AFTER 
PRELOAD 

12.7   KIP 

Ml 
Mß^^mm 

JVsS^tiV^a 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 

%0- 
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•3-KSN3J- 
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LAMINATE JJ. 

5/8 FP SLIT 
TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-29 L1-21-30 L1-21-31 L1-21-32 

VISUAL DAMAGE 

AFTER 
PRELOAD 

10-6    KIP 

FINE SPLITS 
ji ^£^är 

AFTER 
MOISTURE 
CONDITIONING 

178 



:^c«;-' 3"5i>nai_ 

179 



y>i<^8L 
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LAMINATE JJ_ 

1/8 CSK HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-18 L1-21-19 L1-21-57 L1-21-58 

AFTER 
PRELOAD 

13.7    KTIP 

VISUAL DAMAGE 

NONE 

FINE SPLITS ON BACK 

■^C^BE^ajftW^J I   i I II  I  I4I» J 

^;'jg^^^i*fe^ 

jfeW'''£&j^5"#nj^«s3ji!^^ 

AFTER »      _ 
MOISTURE fcÜi 
CONDITIONING  m"" 
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LAMINATE _kl 

3/8 CSK HOLE 

INITIAL 

AFTER 
PRELOAD 

10-8   *IP 

ROOM TEMPERATURE 

L1-21-17 L1-21-37 

TEST SPECIMENS 

422° K(300° 

L1-21-38 

F) 

HP 

L1-21-39 

£-&«< 

SH Tji 

lü 

VISUAL DAMAGE 

NONE 

FINE SPLITS ON BACK 

JEgäS^^SBBBS^afl 

AFTER 
MOISTURE 
CONDITIONING 

185 



-K*£      .5 Ä~.G  LG   t>£  :'-rCV.C  >'    ! i*CHE5 186- 
7i oic: 



LAMINATE _L1. 

5/8 CSK HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L1-21-33 L1-21-34 L1-21-35 L1-21-36 

INITIAL 

AFTER 
PRELOAD 

8-9   «TIP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING    f^gg^ss 

™" "isis»i 

m ■«s*^ 

«I 
^r« 

1 „ _...„„-   MSitiZsäSi 

j^_i,   | [7j„jgTr^~ "^'^^"mi'gjjjj^   ^^>^^^;!>:^?5—--SSSt^-^r"-^^"- :j-riVirata 

187 
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LAMINATE     LI 
1/8 HP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-41. L1-21-42 

«Mä^Ä'S^ssiis*^ 

AFTER 
PRELOAD 

20.7   KTIP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 

■■Hi 
■mz 

illiiliHlMÄ^m 

S^ÜSH 

190 
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LAMINATE     LI 
1/8HPSLIT TESTSPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-45 L1-21-46 L1-21-47 L1-21-48 

mm»* ^^^t^ 

ggffi^^^BJgjje gH3^ 

feKlBe B3S8B»8ä- - „—_ 

ug  -. - - 

Hi 
VISUAL DAMAGE 

AFTER 
PRELOAD 

19-1   *IP 
3BS 

NONE 

i^lMiä M 

AFTER 
MOISTURE 
CONDITIONING 

I -4-4mi4t\ 'fitffm 

m 

193 
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LAMINATE     LI 
3/8 HP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L1-21-49 L1-21-50 

Hüll! 
L1-21-51 L1-21-52 

t£5ätü 

>3BSs ip#§ 

§3i INITIAL ■»«««& 

j^8Mtij^B»p^fe^^^.: §ä$f£|S&fcsä^fe3&^^     ^^^^^4^s^%^it ip^^i^i^P 

äüÜü^s k ^-Aia'^ j-fti^t^ij&foi 

AFTER 
PRELOAD 

18.3    *IP 

«^^esr^g^f • 

VISUAL DAMAGE 

FINE CRACK 

NONE 

AFTER 
MOISTURE 
CONDITIONING 

196 
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LAMINATE     LI 
3/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-53 

^Sf»S 

L1-21-54 L1-21-55 L1-21-56 

I^^^^^^P^^^ 
teas jjJäß^smtäiäajitmMUj^&iiiSääitfv^ 

i SSJagB saggESäsglB 

fKS^mmKS^SSBB^S&MM^S^^S^M _H__3 

Bsp Bflfifl SSKlH 

IfrM'^riä-'. iiyfr'^rF^Tiff' 

i_Sr?j_j|_gi_l, '_i»£fjfi-SJ__ 

«SBssöääi 

gg. 
■Si 

s 
mi 

.^^^^^^^^M ^^^^^^^^^^g ^^^^^^^^^^B 
p^^jl^^pt^gggBBS^^^^^BWj^^gBff*^^ ^^^^^8jJB"^^WJME!5SlBaS^?itBlt^=^3 ^JSyü ■j__f_i--^-j_B-P-EES3aB^^T 

gait 7—=~«ffi 

^S^SS^^^S^.^51ä%ivSi^SlS 

AFTER 
PRELOAD 

17-3   kriP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 
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LAMINATE     LI 

5/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-63 LI-21-64 L1-21-65 L1-21-66 

AFTER 
PRELOAD 

_LLZ_KIP 

VISUAL DAMAGE 

FINE CRACKS 

AFTER 
MOISTURE 
CONDITIONING ums 
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LAMINATE     11 
5/8 HP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L1-21-59. L1-21-61 L1-21-62 L1-21-67 

AFTER 
PRELOAD 

J6J-KIP 

VISUAL DAMAGE 

NONE 

FINE CRACK 0.1 Inch 

^ySJ^-LBgBJ 

BnHPl 
AFTER 
MOISTURE g| i|!jlii! 
CONDITIONING jgH  

^^M 

_HHH1 ^ dflflfi 

205 
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LAMINATE     12 

NO DEFECT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

mm 

w P«gS 

L2-21-1 L2-21-2 L2-21-3 

ÄÄsiS si;s«K 

B&ö SsKs ISHSIM «iSÄssii 

5Äö£ «ässälsl4 

^  J .•:-:.•..•'■•  - -~>  '■- 

■ v, c-...,;,..../-.•....v--;;..j ■,. 

i^SI^ 

3:S*-SS# äSlaöläSäsä 

;•-•-' ':>■..-.-: 

•^ ;:""%;^ '''":--:r'.";.'; 

L2-21-4 

Mill 
«HI 

VISUAL DAMAGE 

AFTER 
PRELOAD 

35.1   KIP 

M^SF;   ;. ':*^'-"'- ■'■^- -"'''■ ""^•■"- "'^rH-f NONE 
*^:i 
%^*£&W^2£p|öt§te 

^Vf-, 

AFTER 
MOISTURE 
CONDITIONING 
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LAMINATE _L2_ 

1/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-21-& L2-21-6 L2-21-7 L2-21-8 

^Ü iaS££>0*i*s£& 

AFTER 
PRELOAD 

24.4   KIP 

l5iÄiii''-JSJ""Ü=iai'j 

VISUAL DAMAGE 

0.3 inch FINE SPLITS 

SB* 
iJDg^L'iV''. J jniirr'.i~/_~'r~~ 

;-.    _  :',. --*vr; 

AFTER 
MOISTURE 
CONDITIONING 

iilllsi^lIllllBitissi mm 

^^^^^^^^I^^^^^^Ä 

210 







LAMINATE    L2 
3/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L2-21-9 

INITIAL 

L2-21-10 L2-21-11 L2-21-12 

ls^%^ili^ilili^lip 
s !&?ji^sfÄ«^^ ;|Äi$<Pi 
ifcÄ'»5«£ iti§l 

Biliifi Sfe^-SS^^fe V335^5£^| 

^Pif#j 
fe^^i^ ma 

ilililil' 

AFTER 
PRELOAD 

22.9   K-IP 

'*=*'?■?■ v^">"3." äS-Vs.*^- :s',f£?^ar^gE 

VISUAL DAMAGE 

1.0 inch FINE SPLITS 

AFTER 
MOISTURE 
CONDITIONING 

gut® sSMlit^HlliH A^^ÄII IlfiSHvBH 

213 



^■;v;:53T.v-?«-i'yiisrai_:^: —er". 

t\ 0i03 

214 



--saT-v-svQ* 

K."C     "--^feD- o. 5E3TM ZO     -»'t  »■■'■ 71  K 
*jg       .■.I.J^AHE'WCHl.'l.i.^n     LlJ ?i 0\03 



LAMINATE     L2 

5/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-21-22 L2-21-23 L2-21-24 

AFTER 
PRELOAD 

17.7   kriP 

IPllft^illP SlJisi 

?n^ti' ^^:--^%tef 

VISUAL DAMAGE 

1.0 inch FINE SPLITS i^pipä^iiij§ 

sg^ 

ferSMfeiaB^ 

AFTER 
MOISTURE 
CONDITIONING 

216 



217 
">i 



»r>-ca»CT nrn^L 

218 
t\ 0..03 



LAMINATE 
5/8 FP SLIT 

L2 
TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-21-25 L2-21-26 

*&ÄSS8: im--™— 

*;■?     v::>; ■■■-;;..■ 

L2-21-27 L2-21-28 

S£fö'^üK.S5S 

AFTER 
PRELOAD 

19-5   *IP 

fP^s^H 

VISUAL DAMAGE 

0.7-1.0 inch FINESPLlTS 

*■ 

AFTER 
MOISTURE 
CONDITIONING 

US 
Ml 

I 
i 

219 
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LAMINATE     12 

5/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F.) 

INITIAL 

L2-21-29 L2-21-30 L2-21-31 

«JiUffi £#«# 

L2-21-32 

ÜsÜs 

IS 

sws 

I^EI^S^^^^^W 

AFTER 
PRELOAD 

28.0   KflP 

«^Bi«ä,. 

I 
n 

VISUAL DAMAGE 

1.0-1.4 inch FINE SPLITS 

2.1 inch FINE SPLITS 

AFTER 
MOISTURE 
CONDITIONING 

s» 

lmmWm-$£$   """ " ' 
jjjlgj 

222 



rV.4    •: x ;J -; .--:   *<H*     .   ;  ^- 223 - 
ti Oic: 



X 

o 

L --3 

o 

- .- i ,—j. — 

  <3T '  a -  ^ -_ 
-o 
-a 
-0-- 
" a'' 

or 
...O , 

SSWaWTi- "3\\SH3~JZ:. 

7i Qi03 

224' 



LAMINATE 
3/8 FP SLIT 

L2 
TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L2-21-41 

INITIAL 

L2-21-44 

Si 
tvBSffit« iPlfSsi 

sasa 

AFTER 
PRELOAD 

23.8   KfiP fss ÜHiö^% 

S8^©^3| 

VISUAL DAMAGE 

■0.6-0.8 inch FINE SPLITS 

0.8-1.0 inch FINE SPLITS 

AFTER 
MOISTURE 
CONDITIONING 

225 



~$E^EEEz-L:^$E 
-saTxawt. ■3iisrm±: 

;o<.oiCif- 3 226 
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LAMINATE     L2 
3/8 HP SLIT TEST SPECIMENS 

INITIAL 

ROOM TEMPERATURE 

L2-21-45 
$^gm 

L2-21-46 

422° K (300° F) 

L2-21-47    . L2-21-48 

an 

AFTER 
PRELOAD 

^L KIP 

VISUAL DAMAGE 

2.0-2.5 inch FINE SPLITS 

■'S!;.' ^£jala3 

AFTER ÜÄ#W 
MOISTURE filltjli 
CONDITIONING |§if|if 

ft,;??.—.? 

IB mamm Uli 

228 



■A 

rz^rzl^ to 

__u_ 

-r_ 0iC3 

229 



-ir-i-— 
«.   -.-..■«:; -.■:■ 

L..:."..".'.t, ~ 

. -/.. 

■-/— 

;;.— —;;-;_  .—.~t--— ~_ 

 £il 
< 3 _        ....               .._            ..g,.,- 

< > 
~"   of r" ..—.\-~::"::~-_:_+:-_:-.J 

 *^ 
            ti 

230 
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LAMINATE     L2 
1/8 FP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-21-49 L2-21-50 L2-21-51   ■ L2-21-52 

AFTER 
PRELOAD 

24.9   KIP 

VISUAL DAMAGE 

0.3-0.4 inch FINE SPLITS 

ÜiÄ!iMlsä!*| Jfifäsiiil?^ 

AFTER 
MOISTURE 
CONDITIONING 

231 
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LAMINATE     L2 

1/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-21-61 

mm-. 

L2-21-62 
t«-i'-äp-;-*v--4!p! 

illilli ■MHP 

L2-21-63 L2-21-64 

iü' 
Sä' !ä*SS*Üä^ 

*4 Ui&%M!mgßsm 

SHiSiöSä 

AFTER 
PRELOAD 

26.9   K'IP 

5»; 

seaa-äft 

VISUAL DAMAGE 

0.1-0.2 inch FINE SPLITS 

0.2-0.3 inch FINE SPLITS 

■■5,:^a^BSiS 

AFTER 
MOISTURE 
CONDITIONING 

■HL 
lull SI 

 SpjggEfeggB^ 
■1 - - ?«?" 

fit " 
.li* 

234 



?i 0i03 

235 



i  ' O 

K-s «fs-.ir/5<Ä",%^-/r.Ä.i,236 
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LAMINATE     L2 

5/8 FP HOLE 

50psiCURE 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

ms 
L2-22-1 L2-22-2 L2-22-3 L2-22-4 

«SaBfe 

AFTER 
PRELOAD 

17.8   krtP 

SsSigjaSiff; 

e^£ 

VISUAL DAMAGE 

0.8 inch FINE CRACK 

0.8-0.9 inch FINE CRACK 

--.-r. .- ■   •:: j'JrTjS 

^- . .\-v..-. ■_■-.*: 

■ ^^f^p^^r 

l!|feä*—i^l: ■5-i^i^fe^l -'■'.-: 

■ -•■*■.- ■*_ £2^2 

^-^'r"^;-*' 

'^^^rrÄ-5.^ 

•; ;""J:""■'>'■■ 
S^=H 

3    SS-ggigrg^ ■ :T. -"■-'.-"" 

i~ ■- ■ "■"."■ - ■ r ~^- -£vS« = 3iS^psi?f5i'i. 

£^£S*Zi£*ZÄ- -V—• S*™*" ■ . ■. . - 

;^2S^S^i£r?:- =S£t ^WsS 

:-^^i3l5=?-y? ™SV jie^s^ ."    - >---,** 

AFTER 
MOISTURE 
CONDITIONING 

IHBällilBliL BL __.__ 
flggBilPftiS* 

237 



:8 — 

-Si-r 

E 
.... jj. 

x\ 

SI 

Jic_ 

4  

238 
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: 5»T-t aver T1CT3V 

K.C     KEn«fcEr  -9 CS2C* ZC-    **" "■ " Tr 
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LAMINATE    12 
5/8 FP HOLE 
25 psi CURE ROOM TEMPERATURE 

TEST SPECIMENS 

422° K (300° F) 

INITIAL 

AFTER 
PRELOAD 

JM-KIP 

L2-23-1 L2-23-2 L2-23-3 L2-23-4 

'•••••■   •^üÄ^-ÄS?""'   ' '" -■■•• ^'-■'■■■''-<-i'-t--«---" 

BJBg&^aBBfcj^&Mtöa» ^a^^^^&s3is©iis«i^^ äfefä^-s.»'*Ä"®^^ie*?f^® äB«»j!s^Vä§SraB§Els$ö 

■%&*-      T^S  '^liSÄ 

VISUAL DAMAGE 

0.8-0.9 inch FINE CRACKS 

0.8 inch FINE CRACKS 

S=p*BS*? gsf 

AFTER 
MOISTURE 
CONDITIONING si? 

5ÄT 

240 



g-'\ I 
•«5 

'"""■ .■—"""■J 
•■ I H * 

2ni«5nai. 

l- 

i 

241 
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242 



LAMINATE     L2 

5/8 FP HOLE 
12.5 psi CURE 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L2-24-1   .. L2-24-2 L2-24-3     . L2-24-4 

~ ii^üi    Ist    i gssi- 

Pixf      ^"^-    "^   "-V    "'"   V    -. r 

AFTER 
PRELOAD 

20-2   K-IP 

VISUAL DAMAGE 

1.0-1.2 inch FINE CRACKS 

*--? ilS-;--,Si^^J~?S 

*--•-<   ^   ■ .V-/--Ä 

VSsfeV #■•       -=i 

-*> ^.-C ' 
%%$*■'"'- «ill^^ 

S"; 6-"^ v"*Tft 
iaFs5% "^7?" -r.£ 

NO EDGE DAMAGE 

AFTER 
MOISTURE 
CONDITIONING 

243 



244 



Uli 

^1-8 ...  .... .   £—:... t. .7~ . 

jfi^;;;;; 
^^ffi 

■< 2 
" X  ■• HS: 

.-—4__ 

.   <    -j .2 _.-.£  .v*CH 245 



LAMINATE     L3 
NO DEFECT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L3-21-61. L3-21-62 L3-21-63 L3-21-64 

HMM 

ü 
&m 

'gäMßmß 

ia&gjfi* «^|^ae$^*)«$s§ 
■■>£'■&*>&;' 

Hl 

AFTER 
PRELOAD 

38.3 KIP 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 

246 
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LAMINATE _L3_ 

1/8 FP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L3-21-1 L3-21-2 

■H 
*^^ 

HMI^ 
feg 

sä 

L3-21-3 L3-21-4 

8SSS Siiliiö*§ii 
äü 

1 &£*&&0Mm&m 1 IHP s£.^?f?5^^«^^^^^S| Pits. 
j3j IS^^STPSä^S^^^W^J franBS 

AFTER 
PRELOAD 

23.6   KIP 

VISUAL DAMAGE 

NONE 

P 

1181s 

AFTER 
MOISTURE 
CONDITIONING 

248 
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LAMINATE     L3 

3/8 FP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L3-21-5. L3-21-6 L3-21-7 

AFTER 
PRELOAD 

18-3   KIP 

VISUAL DAMAGE 

NONE 

mm 
■" ' - NaT 

AFTER 

*4i*lM*S 

MOISTURE WJ&imimSM&lS&tä&^ v^, 
CONDITIONING    ^^^^^^^^^3 

jhtonWtM 

H 
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LAMINATE     13 

5/8 FP SLIT 

INITIAL 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L3-21-9 L3-21-10 L3-21-11    . L3-21-12 

IS^SSSBöS ^K^-S^A^fe^ö^ä*?.-^-?-!« !&*^-r&r%^&yfrr^!**~~M ^*»»3ai^g^s?^r^?Ss©i 

s@ 

AFTER 
PRELOAD 

15.7  KIP 

,;S=äK 

""A3 1H 

llPi$ir? 

-•■>. 

:•'•*? :-v* 
fe& .;'-.j:.ot 

VISUAL DAMAGE 

0.05 inch FINE CRACK 

NONE 

■Wmm 
iSgS^I'Sgj: -V"5? 

*S 3«» 

AFTER 
MOISTURE 
CONDITIONING 

ä»4S*£^Äi^sji^JtS 

Hfü   iiiliiiiliiilil 
BBMHHH ill 

iim 
:fÄ& ml      ■ 
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LAMINATE     13 
1/8 HP SLIT TEST SPECIMENS 

INITIAL 

ROOM TEMPERATURE 

L3-21-21. L3-21-22 

■■■■KB 
WSmmmm 

422° K (300° F) 

L3-21-23  . L3-21-24 

E@^H@HfH»8iiMiä£        &wSSiBStiffiSa&EBL&: 

•^   -:J- -V-i ■       ■■ VISUAL DAMAGE 

AFTER 
PRELOAD 

30-3  *IP NONE 

AFTER 
MOISTURE 

■HHB; 

vjsa-ptgBCsgi^a-jr^-i^:^ sSf^^gy .'iJ&'x* 

CONDITIONING    jplJ$3lllSiIi 
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LAMINATE    L3 

3/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L3-21-25 L3-21-26 

||j|p§|!| 

L3-21-27 L3-21-28 

*m£ 

%SMM 

^..-i-i.J--.„.^>.^,Sg^:!i...!M-~i.v»,-^i. 

&#tw 

^A&sSlSgp! iBlfPi^sIllillR 

iiiipiiifiii 

VISUAL DAMAGE 

AFTER 
PRELOAD 

28.8   KIP 

0.05-0.1 inch FINE CRACKS 

.; :\-..r. ^;$Kv':?^.yi$i~?r:^':\^7~'?i: 

AFTER 
MOISTURE 
CONDITIONING 
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LAMINATE     L3 
5/8 HP SLIT TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L3-21-29 L3-21-30 L3-21-31 

INITIAL 

L3-21-32 

'-Vf> -^«Sa^srO*. W£M 

m 

mm 

güsSa 

ü«"-#isr3.*S 

VISUAL DAMAGE 

AFTER 
PRELOAD 

27.5   K-tP 

/o.5 

m 0.55 

*B$ 

0.15 025 W 0.7 
»S3* «if-Wr^ 

AFTER 
MOISTURE 
CONDITIONING 

■M 
vj>,',.'- Sfäij&äji&t •    i*i!&?i 

eBÄsSSäs 

as iäi Sllliliyfllilll 
SMP 

1 <«««£ 
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LAMINATE     L3 
1/8 FP HOLE 

INITIAL 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L3-21-41 L3-21-42 L3-21-43 L3-21-44 

iguana 

AFTER 
PRELOAD 

24.0   K\P 

ilÄl 
A 

is*-st*' ■ 

p§S3S 
tlttilii VISUAL DAMAGE 

NONE 

-rO, 
' V-''"*' ■>   "'' "'  V      'VT'^ «®s 

»it 

HMfedb^SügS^S 

AFTER 
MOISTURE 
CONDITIONING 

iä*-=ssB=^%«rs^ 
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LAMINATE     L3 
3/8 FP HOLE TEST SPECIMENS 

ROOM TEMPERATURE   . 422° K (300° F) 

INITIAL 

L3-21-45 L3-21-46 

8HG3 

mt 

L3-21-47 
ja.'1'jw '-»|wg*n.iiuj tJg-aR^''^j^^j-[i|?ygCT'ft't" 

L3-21-48 

li&S* 

11SP 

Mbv&jSl » 

AFTER 
PRELOAD 

J8J_KIP 

?.-':'• *.■"'>■■■ ■>:.-rV{',' ;■*:'*'3?':'r-"'i'ü*'"-/.*"^>i'^Ä 

VISUAL DAMAGE 

NONE 

¥SSÜ 

a^K®3l^ä§ 

TU! 

sagg&ra?» 

AFTER 
MOISTURE 
CONDITIONING 

;fg^gggc^5Ffiw^^^^ 
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LAMINATE     L3 
5/8 FP HOLE 

INITIAL 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

L3-21-49 L3-21-50 
££°§&@£P£$^ 

L3-21-51 
f> - 

L3-21-52 

%^i&k% fei- 

aäignärtjtfi^aBä^g 

^^S^i^^^^^^^^Mi &$* ^^&£P rf^^-^^s 

sälii ^*iCf^s^Sü' ;,$ 
5&yr-^'<^%hlf%-'s*)&'Sl ■■■' &•-% ptq3£§&fe4j ̂ ^*.^^& 

-4 ^**raS*-.-iSi>*S-'■? s' llllll aafjJ^*^ «sSs^^^^ 
fÄ2?i;^/5 rtsSs^PsäHÄJl 

il§il tüte SflHI 

n' 

AFTER 
PRELOAD 

_UL!_KIP 

VISUAL DAMAGE 

NONE 

'*■>: ?!.■_•, :>-■:■£:".*■■■•-■- -    = .■■._• ■.-"-.' 

^S54^^=iä3;-; 

Üffl feste 
■"■v'    ■ i 

AFTER 
MOISTURE 
CONDITIONING 
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LAMINATE J=3_ 
ALL GRAPHITE 
NO DEFECT 

TEST SPECIMENS 

ROOM TEMPERATURE 

L3-22-9 

INITIAL 

AFTER 
MOISTURE 
CONDITIONING 

275 



LAMINATE     L3 

5/8 HP SLIT 
ALL GRAPHITE 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

AFTER 
PRELOAD 

21-7   kriP 

L3-22-T L3-22-2 L3-22-3 L3-22-4 

;-*-*'V.-':',--' -■!■?: ;..V~'<'"fzjti*\]££ ^**^*^fe 

VISUAL DAMAGE 

NONE 

BfiasS 

AFTER 
MOISTURE 
CONDITIONING 

276 
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2  i o: 

i'i t/1 
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LAMINATE _kl 
5/8 HP SLIT 
ALL GRAPHITE 

TEST SPECIMENS 

ROOM TEMPERATURE 422° K (300° F) 

INITIAL 

L3-22-5 

1$$* 

AFTER 
PRELOAD 

_L£2_K|P 

■v.'* •_•: tl 
—i-»:!:''';J.'.t;V'?' 

Äfeä 

BÜffi 
-      , -        -S     W -      *' - <"? 

5        >J*.%'   .   -3 mmgmsmmmm 

VISUAL DAMAGE 

NONE 

AFTER 
MOISTURE 
CONDITIONING 
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LAMINATE     13 

5/8 FP SLIT 
ALL GRAPHITE ROOM TEMPERATURE 

TEST SPECIMENS 

INITIAL 

L3-22-21 L3-22-22 

422° K (300° F) 

L3-22-23 L3-22-24 

r   /•.«■.■•. •'     -.-• ■■■" '..• SÄft: 

AFTER 
PRELOAD 

12-2  KIP 

VISUAL DAMAGE 

NONE 

-.•■'•.■•.!-■?>"-■'■■. ^rviv':^ j^Vi 

=?-,•-"--•.-"-. .-.-_' '-■■ ..-■ ^-■"--:-'v 

1 g ^»^^^gä^^p^^^4^ 

AFTER 
MOISTURE 
CONDITIONING 
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APPENDIX D 

CYCLIC TEST DAMAGE GROWTH DATA 

This appendix contains the ultrasonic C-scan examinations and the crack opening 

displacement COD records made of the cyclic test specimens. The ultrasonic 

examinations were made several times during the course of the testing, giving a 

progressive record of the damage development in these specimens. 
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SPECIMEN 
NUMBER 

MAX./MIN. 
LOAD 

(LBS) 

CRACK OPENING DISPLACEMENT SAGE TRACE-AMPLITUDE 

THSPT fINP»?51 
SCALE 
IN/IN) 

NU« ER OF LOAD CYCLES 
10 100 1000 10* 103 10» 10/ 

U-31-25 10.500/525 .002 3.07 3.10 3.18 — — -- — 
-26 10.500/S25 .-002 2:90 2.96 3.00 2;9S 2.97 3.00 -- 
-27 10.500/525 .002 — 2.93 2.90 3.00 3.00 2.98 3.20 

•28 10.500/525 .002 3.15 3.22 3.40 - — — — 
-29 10,500/525 .002 3.25 3.61 3.67 4.40 4.60 4.80 — 
•30 10,500/525 .002 — 3.46 — — — — — 

-31 9.000/-9.000 .002 4.82 4.90 •• — —. — — 
-32 9.000/-9.000 .002 5.55 5.42 — — — ~ ~ 
•33 8.500 A8.500 .002 

.004 
— 4.97 

2*17 
— __ — — 

•34 6,000A6,000 .002 — — — — — — - 
-35 10,500/525 .002 3.19 3.30 3.30 3.20 3.30 3.27 — 
-36 10,500/525 .002 2.86 2.86 3.01 3.02 3.11 2.98 — 

-37 10.500/525 .002 2.10 — 2.85 — — — — 
•38 10.500/525 .002 3.16 3.16 3.20 3.27 3.03 7.30 — 
•39 10,500/525 .002 — 2.80 2.90 3.00 3.00 3.13 — 
-40 9.000/4.000 .002 5.35 5.82 6.30 8.18 — — — 
-41 8.500A8.500 .002 — 4.54 5.12 5.34 6.70 — — 
-42 9.000A9.000 

-43 9.0OOA9.Ö0O .002 — 4.80 5.40 — — — — 
-44 8.S00A8.500 .002 — 5.20 5.52 — — — .. 
-45 6.500/.6.500 — — — — — — — — 
-46 10.500/525 .002 2.70 2.72 2.75 2.95 2.93 — — 
-47 10k'S00/525 .002 2.98 3.05 3.08 3.08 3.08 3.25 — 
-48 10.500/525 .002 3.20 3.28 3.37 — — — — 
-49 10.500/525 .002 3.96 4.00 4.34 5.50 5.10 7.70 — 
-50 9.000/-9.000 .002 

.004 
5.45 

3.00 «. .«, M M „ 

-51 9.000A9.000 .002 
.004 

5.08 
2.43 zTfS _; — 

M 
~ 

-52 5.000A5.000 — 
-53 3.000A3.000 .002 1.70 1.35 1.32 1.50 1.50 1.52 — 
-5« 10.500/525 .002 — 3.00 2.95 2.95 2.98 2.99 3.00 

-55 10.500/525 .002 3.17 3.04 3.06 — — — .- 
•56 — 

-57 8.500A8.500 .002 -i 5.50 5.52 6.78 — — — 
• 58 9.000/.9.0O0 

•59 9.000A9.000 — — — — — — — — 
•60 8.500/-8.500 -- — — — 
•61 10,500/525 .002 2.69 2.62 2.68 2.70 2.73 2.75 — 
•64 10,500/525 .002 3.62 3.85 — — •— — — 
•65 10.500/525 .002 3.66 3.66 3.66 3.72 3.72 3.80 — 
-66 10.S00/52S .002 3.65 3.70 3.72 — « ~ — 
-67 10.500/525 .002 3.75 3.80 3.80 3.85 3.87 3.96 — 
•63 10.500/525 .004 

.002 
1.90 

4.15 4.40 »» 
U-31 -69 10,500/525 .004 2.15 « "• — 
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APPENDIX E 

WEIGHT GAIN DATA 

i The tabulated weight gain data for each test specimen is included in this 
appendix as recorded during the course of making the measurements. 
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STATIC TEST SPECIMENS 
UNTABBED LAMINATE 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L1-21-A 18.775 18.910 

L1-21-B 18.534 18.673 18.726 - 

L1-21-C 18.593 18.733 18.784 18.813 18.827 

L2-21-D 18.784 18.923 18.975. 19.003 19.018 19.028 19.029 19.037 19.049 

L2-21-A 19.812 19.956 - 

L2-21-B 19.555 19.700 19.758 

L2-21-C 19.864 20.011 20.069 20.102 20.120 

L2-21-D 19.379 19.526 19.585 19.615 19.632 19.643 19.646 19.653 19.665 

L2-22-A 19.603 19.746 

L2-22-B 19.514 19.658 19.714 • 

L2-22-C 19.901 20.046 20.105 20.136 20.154 

L2-22-D 19.445 19.587 19.643 19.674 19.690 19.702 19.706 19.712 19.726 

L2-23-A 20.339 20.494 

L2-23-B 20.345 20.497 20.550 

L2-23-C 20.407 20.561 20.621 20.657 j 20.677 

L2-23-D 19.951 20.106 20.166 20.199 20.218 20.228 20.234 20.241 20.254 

L2-24-A 19.891 20.102 

L2-24-B 19.536 19.753 19.790 

L2-24-C 20.080 20.266 20.315 20.346 20.361 

L2-24-D 19.924 20.115 20.164 20.188 20.205 20.212 20.223 20.231 20.246 

L3-21-A 19.667 19.790 

L3-21-B 19.479 . 19.598 19.664 

L3-21-C 19.778 19.902 19.971 20.014 20.038 

L3-21-D 19.531 19.659 19.727 19.780 19.792 19.804 19.810 19.818 19.831 

L3-22-A 20.454 20.600 

L3-22-B 20.240 20.385 20.454 

L3-22-C 19.598 19.738 19.803 19.841 19.861 

L3-22-D 19.772 19.917 19.984 20.024 20.044 20.055 20.061 20.067 20.078 

Note: Weight in grams 
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STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L1-21-1 173.847 175.574 176.210 176.670 176.880 176.960 

L1-21-2 •174.051 175.780 176.430 176.940 177.180 177.310 

L1-21-3 174.951 176.661 177.320 177.860 178.050 178.190 

L1-21-4 171.736 172.474 173.090 173.580 173.730 173.920 

L1-21-5 173.914 175.643 176.200 176.770 - 176.940 177.020 

L1-21-6 173.871 174.573 176.140 176.750 176.990 177.110 

L1-21-7 173.074 174.782 175.370 175.960 176.210 176.340 

L1-21-8 170.272 171.995 172.520 173.130 173.300 173.370 

L1-21-9 174.040 175.750 176.280 176.940 177.060 177.160 

L1-21-10 173.811 175.538 J 76.060 176.700 176.900 177.030 

L1-21-11 174.543 176.260 176.790 177.470 177.690 177.860 

L1-21-12 170.144 171.875 172.390 173.030 173.160 173.250 

L1-21-13 173.340 175.040 175.570 176.250 176.360 176.430 

L1-21-14 173.103 174.814- 175.350 176.010 176.220 176.330 

L1-21-15 173.546 175.264 175.790 176.460 176.640* 176.790 

L1-21-16 169.010 170.729 171.240 171.900 172.050 172.150 

L1-21-17 173.112 174.840 175.370 176.030 176.150 176.290 

11-21-18 173.276 174.016 175.550 176.170 176.330 176.430 

L1-21-19 174.185 175.910 176.440 177.090 177.310 177.500 

L1-21-21 173.722 175.395 176.040 176.630 176.820 176.960. 

L1-21-22 171.840 173.490 174.150 174.720 174.920 175.090 

L1-21-23 172.085 173.747 174.410 175.000 175.090 175.370 

L1-21-24 167.702 169.341 170.020 170.570 170.630 170.870 

L1-21-25 171.175 172.801 173.480 174.100 174.090 174.320 

L1-21-26 170.290 171.931 172.600 173.170 173.220 173.510 

L1-21-27 171.101 172.750 173.410 173.960 174.070 174.360 

L1-21-28 166.723 168.359 169.020 169.530 169.720 

173.720 

169.840 

11-21-29 170.807 172.427 173.080 173.610 173.940 

Note: Weight in grams 
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STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L1-21-30 170.408 172.130 172.780 173.320 173.460 173.750 

L1-21-31 172.104 173.758 174.420 174.950 175.060 175.330 

L1-21-32 167.594 169.230 169.920 170.410 170.490 170.740 

L1-21-33 170.395 172.052 172.700 173.240 173.330 173.600 

L1-21-34 170.334 171.988 172.630 173.170 - 173.300 173.600 

L1-21-35 171.551 173.195 173.860 174.410 174.510 174.800 

L1-21-36 166.663 168.338 168.990 169.510 169.610 169.860 

L1-21-37 171.380 173.040 173.700 174.220 174.340 174.630 

L1-21-38 171.473 173.136 173.810 174.310 174.450 174.730 

L1-21-39 173.910 175.597 176.260 176.810 177.000 177.140 

L1-2M1 171.163 172.864 173.530 174.000 171.150 174.240 

L1-21-42 174.212 174.900 176.580 177.080 177.340 178.490 

L1-21-43 174.086 175.770 176.460 176.980 177.190 178.330 

L1-21-44 172.606 174.292 174.960 175.450 175.560 175.660 

L1-21-45 171.720 173.422 174.080 174.570 174.690 174.810 

L1-21-46 174.400 176.084 176.760 177.240 177.540 177.720 

L1-21-47 174.293 175.972 176.540 177.180 177.400 177.630 

L1-21-48 172.897 174.601 175.170 175.760 175.900 176.000 

L1-21-49 173.005 174.702 175.230 175.850 176.010 176.130 

L1-21-50 174.522 176.214 176.760 177.430 177.650 177.860 

L1-21-51 174.414 176.100 176.660 177.320 177.520 177.700 

L1-21-52 171.964 173.666 174.200 174.830 174.950 175.050 

L1-21-53 173.264 174.970 175.510 176.170 176.260 176.360 

L1-21-54 175.117 176.820 177.370 178.040 178.260 178.420 

L1-21-55 174.713 176.410 176.960 177.630 177.820 177.990 

L1-21-56 171.992 173.711 174.250 174.900 175.010 175.110 

L1-21-57 173.445 174.150 175.700 176.340 176.540 176.690 

L1-21-58 174.490 176.224 176.890 177.400 177.540 177.650 

Note: Weight in grams 
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STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 . 3 4 5 6 7 8 

L1-21-59 173.679 175:375 176.030 176.560 176.710 176.800 

L1-21-61 175.441 177.028 177.690 178.280 178.590 178.790 

L1-21-62 174.730 176.322 177.000 177.580 177.850 178.060 

L1-21-63 176.150 177.768 178.430 179.650 179.310 179.520 

L1-21-64 171.810 173.423 174.060 174.670 
- 174.940 175.140 

L1-21-65 175.865 177.479 178.120 178740 179.010 179.240 

L1-21-66 175.344 176.938 177.600 178.190 178.470 178.690 

L1-21-67 175.778 177.383 178.040 178.600 178.940 179.110 

L2-21-1 171.558 173.353 173.854 174.429 174.682 174.898 

L2-21-2 174.237 175.931 176.480 177.105 177.391 177.625 

L2-21-3 174.077 175.777 176.326 176.945 177.246 177.503 

L2-21-4 175.950 177.730 178.241 178.802 179.050 179.246 

L2-21-5 171.236 172.940 173.522 174.079 174.352 174.556 

L2-21-6 173.606 175.304 175.854 176.466 176.763 176.940 

L2-21-7 173.932 175.640 176.196 176.809 177.109 177.330 

L2-21-8 175.592 177.316 177.883 178.460 178.733 178.926 

L2-21-9 171.140 172.860 173.419 173.983 174.250 174.436 

L2-21-10 173.596 175.286 175.842 176.447 176.735 176.934 

L2-21-11 173.945 175.636 176.191 176.799 177.102 177.309 

L2-21-12 174.803 176.500 177.060 177.620 177.884 178.058 

L2-21-21 169.808 171.523 172.094 172.650 172.898 173.041 

L2-21-22 172.092 173.772 174.320 174.910 174.208 174.392 

L2-21-23 172.161 173.846 174.398 174.990 175.266 175.437 

L2-21-24 173.607 175.290 175.861 176.446 176.707 176.890 

L2-21-25 170.197 171.900 172.465 173.030 173.275 173.442 

L2-21-26 172.364 174.019 174.611 175.198 175.475 175.662 

L2-21-27 173.353 175.028 175.618 176.209 176.495 176.668 

Note: Weight in grams 
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STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L2-21-28 174.323 1761033 176.596 177.166 177.429 177.600 

L2-21-29 169.900 171.645 172.202 172.719 172.956 173.119 

L2-21-30 172.937 174.606 175.209 175.792 176.061 176.224 

L2-21-31 173.056 174.720 175.321 174.920 
\ 

176.191 176.378 

L2-21-32 173.370 175.153 175.630 176.170 - 176.301 176.545 

L2-21-41 173.860 175.623 176.167 176.662 176.818 176.945 

L2-21-42 171.730 173.439 174.041 174.580 174.790 174.967 

L2-21-43 171.856 173.544 174.135 174.675 174.884 175.010 

L2-21-44 169.760 171.470 172.045 172.541 172.693 172.794 

L2-21-45 173.506 175.281 175.825 176.273 176.413 176.489 

L2-21-46 171.467 173.162 173.749 174.292 174.513 174.670 

L2-21-47 172.090 173.785 174.365 174.904 175.110 175.273 

L2-21-48 169.990 171.776 172.298 172.740 172.910 172.978 

L2-21-49 173.435 175.190 175.727 176.251 176.412 176.538 

L2-21-50 170.704 172.411 172.994 173.530 173.762 173,964 

L2-21-51 170.434 172.144 172.725 173.262 173.467 173.644 

L2-21-52 169.510 171.251 171.788 172.262 172.382 172.508 

L2-21-61 175.871 177.671 178.223 178.730 178.874 179.030 

L2-21-62 173.536 175.283 175.877 176.443 176.658 176.845 

L2-21-63 173.695 175.430 176.025 176.587 176.791 176.969 

L2-21-64 173.150 174.963 175.504 176.007 176.144 176.269 

L2-22-1 172.917 174.538 175.096 175.725 176.014 176.268 

L2-22-2 173.630 175.227 175.806 176.452 176.748 177.010 

L2-22-3 174.840 176.425 177.008 177.659 177.966 178.238 

L2-22-4 169.060 170.691 171.244 171.864 172.148. 172.396 

L2-23-1 174.300 175.989 176.552 177.205 177.508 177.751 

Note: Weight in grams 
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STATIC TEST SPECIME NS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L2-23-2 175.480 177.117 177.714 178.375 178.687 178.960 

L2-23-3 174.650 176.325 176.924 177.588 177.898 178.187 

L2-23-4 169.060 176.034 176.610 177.260 177.565 177.747 

L2-24-1 173.125 175334 175.794 176.281 176.474 176.756 

L2-24-2 173.589 175.540 176.164 176.640 176.856 177.100 

12-24-3 175.576 178.665 178.890 179.122 

L2-24-4 170.206 172.320 172.812 173.306 173.511 173.750 

L3-21-1 176.234 177.804 -178.454 179.142 179.450 179.677 

L3-21-2 175.989 177.513 178.177 178.890 179.225 179.484 

L3-21-3 175.653 177.192 177.858 178.563 178.906 179.166 

L3-21-4 170.752 172.385 173.002 173.661 173.978 174.221 

L3-21-5 176.117 177.700 178.332 179.032 179.369 179.735 

L3-21-6 176.528 178.056 178.720 179.422 179.760 180.030 

L3-21-7 174.898 176.424 177.091 177.778 178.118 178.373 

L3-21-8 170.460 172.090 172.715 173.360 173.682 173.921 

L3-21-9 176.426 178.003 178.647 179.340 179.676 179.427 

L3-21-10 176.818 178.348 179.006 179.709 180.042 180.286 

L3-21-11 174.563 176.090 176.737 177.423 177.353 177.984 

L3-21-12 173.247 173.790 174.426 175.068 175.386 175.628 

L3-21-21 169.552 171.144 171.780 172.410 172.710 172.949 

L3-21-22 175.720 177.227 177.877 178.570 178.911 179.169 

L3-21-23 177.082 178.605 179.227 179.983 180.330 180.596 

L3-21-24 175.468 177.012 177.643 178.335 178.671 178.922 

173.462 L3-21-25 170.044 171.636 172.260 172.896 173.210 

L3-21-26 176.266 177.776 178.418 179.115 179.470 179.725 

13-21-27 175.755 177.258 177.895 178.596 178.950 179.207 

Note: Weight in grams 

390 



STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L3-21-28 174.915 176.470 177.085 177.774 178.130 178.355 

L3-21-29 169.396 170.996 171.634 172.243 172.570 172.812 

L3-21-30 177.720 179.216 179.878 180.597 180.961 181.243 

L3-21-31 175.926 177.416 178.063 178.767 179.103 179.360 

L3-21-32 175.524 177.066 177.699 178.569 
~ 178.685 178.894 

L3-21-41 175.598 177.148 177.792 178.474 178.801 179.042 

L3-21-42 175.687 177.203 177.853 178.560 178.895 179.160 

L3-21-43 175.166 176.695 177.342 178.047 178.378 178.642 

L3-21-44 170.514 172.121 172.752 173.412 173.707 173.951 

L3-21-45 175^096 176.650 177.267 177.976 178.303 178.525 

L3-21-46 175.939 177.452 178.103 178.815 179.159 179.416 

L3-21-47 173.562 175.074 175.718. 176.410 176.730 176.984 

L3-21-48. 169.655 171.232 171.966 172.534 172.841 173.070 

L3-21-49 174.324 175.880 176.522 177.215 177.539 177.779 

L3-21-50 175.518 177.032 177.693 178.395 178.729 178.978 

L3-21-51 173.218 174.729 175.380 176.056 176.329 176.618 

L3-21-52 171.631 173.168 173.800 174.433 174.760 176.989 

L3-21-61 169.868 171.475 172.121 172.734 173.034 173.250 

L3-21-62 175.812 177.333 177.988 178.685 179.019 179.276 

L3-21-63 175.635 177.148 177.810 178.506 178.846 179.097 

L3-21-64 175.660 177.208 177.857 178.515 178.819 179.043 

L3-22-1 176.420 178.010 178.656 179.400 179.575 179.779 

L3-22-2 173.730 175.325 175.982 176.700 176.919 177.128 

L3-22-3 176.400 177.996 178.663 179.390 179.609 179.812 

L3-22-4 172.144 173.769 174.420 175.140 175.319 175.537 

L3-22-5 176.093 177.724 178.367 179.080 179.315 179.512 

L3-22-6 174.692 176.303 176.948 177.680 177.890 178.092 

Note: Weight in grams 
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STATIC TEST SPECIMENS 

Specimen 
number 

Week 

0 1 2 3 4 5 6 7 8 

L3-22-7 175.535 177:133 177.785 178.510 178.740 178.942 

L3-22-8 173.576 175.197 175.832 176.560 176.753 176.955 

L3-22-9 172.258 173.812 174.452 175.160 175.367 175.558 

L3-22-21 174.449 176.032 176.655 177.250 177.599 177.815 

L3-22-22 174.458 175.103 175.820 - 176.051 176.265 

L3-22-23 176.505 178.063 178.725 179.470 179.698 179.918 

L3-22-24 171.812 173.449 174.084 174.770 175.006 175.215 

• 

. 

Note: Weight in grams 
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CYCLIC TEST SPECIMENS 
UNTABBED LAMINATE 

SPECItth 
Nl«EK 

INITIAL 
WEISHT 

(9) 

1 WEEK 
WEISHT. 

(g) 

2 WEEK 
WEIGHT 

(9) 

3 WEH 
.WEIGHT 

(9) 

« WEEK 
WEIGHT 

(9) 

6 WEEr. 
WEIGHT 

(9) 

B WEEr. 
WEIGHT 

(9) 

POST-TEST 
WEIGHT 
ED 
(?) 

it 

(IN) 

U-l lenoifl 16.4100 — — ~ — — — .0009 

-2 1-6.-4907 16.6020 —'." — — — — — .0010 

-3 17.0016 17.1191 17.1725 — ' — — — — .0010 

.4 17.8768 17.9990 18.0527 18.0813 18.1031 18.1331 ~ — .0015 

U-5 17.4347 17.5539 17.6078 17.6379 17.6597 17.6885- 17.7024 — .0010 

L3-1 16.3478 16.4490 — — — — — ~ .0006 

-2 17.4071 17.5201 -'. — — ~ — ~ .0002 

•3 16.6088 16.7170 16.7752 .'- . — — — — .0010 

.4 17.7412 17.8561 17.9179 17.9532 17.S774 18.0018 — .0012 

L3-5 17.3719 17.4840 17.5456 17.5769 17.5984 17.6246 17.6366 — .0010 
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CYCLIC TEST SPECIMENS 

SPE:IKSN 
NUMBER 

INITIAL 
WEISHT 

(9) 

1 WEEK 
WEIGHT 

(9) 

2 WEEK 
WEIGHT 

(s) 

3 WEEK 
WEISHT 

(9) 

* WEEK 
WEIGHT . 

(9) 

6 wnr. 
WEISHT 

(9) 

B WEEK 
WEIGHT 

(9) 

POST-TEST 
WEIGHT 
CD 
(?) 

it 
CD 
(IN) 

U-31-25 173.9663 175.3480 176.0412 176.4707 176.8334 177.2609 177.5103 .. .002 

-26 177.1086 178.5035 179.2368 179.6499 180.0209 180.4889 180.7839 -- .002 

»27 174.2561 175.6922 176.3800 176.8109 177.1666 177.6339 177.9021 — .002 

-28 174.5697 176.0275 176.7257 177.1446 177.4900 177.9597 178.2452 179.1433 .002 

-29 .172.8269 174.2592 174.9309 175.3636 175.7104 176.1870 176.4573 177.2737 .002 

•30 171.9496 173.3513 174.0765 174.5104 174.8759 175.3402 175.5927 — .003 

-31 176.3698 177.7885 178.4801 178.9156 179.2746 179.7473 180.0364 .002 

-32 175.6(93 177.0730 177.8005 178.352 17e.5B2S 179.0383 179.2949 .002 

-33 176.0354 177.4776 178.1696 17e.59S3 17E.95S8 179.38D8 179.6853 .002 

-34 177.4780 178.9027 179.5849 180.0146 180.3807 180.8543 181.1329 ' .003 

-4S 171.4104 172.8120 173.5165 173.9429 174.2862 174.7493 175.0150 .003 

-46 176.1933 177.6570 178.3735 178.7823 179.1286 175.,5684 179.7603 .001 

-47 176.6724 178.1500 178.8089 179.2406 179.5858 179.9806 180.2225 J - .002 

-46 178.9384 180.4486 181.1853 181.6624 1B1.9782 182.3744 182.6039 183.3423 .002 

-49 173.5899 175.1135 175.8123 176.2223 176.5362 176.9220 177.1609 17717933 .002 

-50 174.2360 176.2497 176.9363 177.3162 177.6453 178.0577 178.2869 — .001 

-51 176.6392 178.1130 178:7763 179.1854 179.51B5 179.9173 180.1901 .~ .002 

-52 174.8657 176.3635 177.0401 in .4659 177.8006 178.2310 178.4657 — .002 

-S3 173.9534 175.4082 176.0905 176.4982 176.8372 177.2294 177.4857 176.4448 .003 

-60 174.3782 175.7920 176.4836 176.9257 177.2537 177.7359 178.0305 — .001 

-64 178.0692 179.4672 180.1722 180.6148 180.9824 181.4509 181.7278 — .002 

-65 176.4795 177.9055 178.6109 179.0344 170.4371 179.8518 180.1290 .— .001 

-66 174.3568 175.8600 176.5307 176.9272 177.2639 177.6802 177.9017 .-- .001 

-67 173.6507 175.1908 175.8258 176.2282 176.5541 177.0059 177.2076 i- .002 

-68 177.2446 178.8111 179.4462 179.8820 180.2154 180.6047 180.8S22 181.2025 .002 

-69 176.0571    ■ 177.5316 178.1688 178.6104 178.9662 179.3550 179.5969 .-- .001 

-70 176.8531 178.3705 179.0117 179.4432 179.8221 180.2674 180.SI 49 .:. .002 

-71 175.9640 177.4100 178.0537 178.4904 178.8093 179.2240 179.4726 -= .002 

-72 173.4033 174.9080 171.5725 175.9807 176.3233 176.7108 176.9617 177.3314 .002 

-73 174.0064 175.4320 176.1334 176.5428 176.8875 177.3012 177.5445 176.6219 .002 

-90 179.5SS3 180.9537 181.6707 182.1103 182.5006 183.0223 183.3135 — .002 

-91 180.5374 181.8734 182.5769 183.0453 183.4375 183.8925 184.1639 184.7209 .002 

-92 173.9853- 175.3399 176.0307 176.4868 176.8325 177.3080 177.5642 177.3832 .002 

-93 180.5600 181.9410 182.6336 183.1226 183.5159 183.9983 184.2851 ■ — .002 

-94 179.0833 180.4661 181.2043 181.6316    ' 182.0098 182.4721 182.7830 '-'- .002 

-95 176.5762 177.9863 178.6787 179.1128 179.4798 179.9S12 180.2322 '-- .002 

-96 175.4752 176.8998 177.6163 178.0513 178.4159 178.9008 179.1929 .— .002 

-97 171.3532 172.7230 173.3901 173.8081 174.1609 174.6187 174.8810 175.3081 .001 

.-98 176.3297 177.6925 178.3*596 178.8158 179.2018 179.6626 179.S459 — .001 

-99 178.1413 179.5495 180.2229 180.6939 181.0650 181.5511 181.8435 179.3209 .002 

U-31-.1S0 174.5703 175.9191 176.5896 177.0201 177.3835 177.8528 178.1331 178.0334 .002 

JTy Upon completion < 
stored in plastii 

»f cyclic le< 
: bigs.   Spe 

iding, speci 
:inens were 

nens were wr< 
»eighed apprt 

pped in vet 
sx. 20-30 da. 

cloth and 
f% post-test .      M3ISTURE 

TABLE HI 
CONDITION!« S 0ATA 

(7>   Difference In th ekness netsi jreraents sad e before and after eight ■week soak. 

rr>  Post-test weight neasured irr ledistelj' upi sn removal  fi -or. test mac) line. 

• 

CD 
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APPENDIX F 

PHOTOGRAPHS OF FAILED TEST SPECIMENS 

This appendix contains photographs of typical test specimens after completion of 

the testing. The specimens are identified by specimen number, defect code and 

testing history. 
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